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Abstract 
 
This dissertation was written as a part of the MSc in Energy Building Design at the In-
ternational Hellenic University.  
Europe has set highly ambitious goals as it targets to become the first climate-neutral 
continent by 2050, thus having zero net GHG emissions. Buildings account for approx-
imately 40% and 36% of European Union’s energy consumption and GHG emissions 
respectively. There is a huge potential for retrofitting existing buildings in Greece, as 
the majority of them were built before 1980 thus they are not thermally insulated. The 
main goal of the thesis is the examination of the effects of specific passive techniques 
on heating and cooling demand when applied on an existing multi-family building 
which is located in the city center of Thessaloniki in Greece. The examined passive 
techniques are window replacement, thermal insulation, Trombe wall, sunspace, 
thermal chimney and green façade. Hence, seven primary scenarios are created; one 
for each passive technique plus the base-case scenario which refers to the building as 
was constructed. Except from the base-case scenario, all other scenarios consist of 
their own sub-scenarios for which a parametric analysis is performed in order to opti-
mize the examined passive technique. Therefore, the best-case sub-scenarios from 
each scenario are compared in order to determine the most suitable intervention. The 
geometry of the building was designed in SketchUp Make 2017 with the use of the Eu-
clid (version 0.9.3) extension tool while the simulations were performed in EnergyPlus 
(version 8.7) software. 
I would like to express my special appreciation and thanks to my supervisor, Professor 
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1 Introduction 
Climate change is an existential threat which refers to a change in climate patterns due 
to man-made causes (Commission, Climate change - Overview). It affects all countries 
and causes issues such as rising of sea levels as well as more frequent extreme weather 
events like intensified storms or extreme heat waves along droughts depending on the 
location. As climate change impacts both human health and infrastructures it is also a 
large burden for economy and society. Humans are not the only one affected, as con-
sequences of climate change influence also animals and plants making them face in-
creased risk of extinction (Commission, Climate change consequences). The leading 
climate scientists believe that human activities are the primary cause of global warm-
ing as a vast amount of greenhouse gases (GHG) are released in the atmosphere and 
trap heat emitted by sun. The most produced GHG by human activities is carbon diox-
ide (CO2), as its concentration increased by 40% in the atmosphere since industrializa-
tion. CO2, methane (CH4) and nitrous oxide (N2O) account for 64%, 17% and 6% of man-
made global warming respectively. The five main reasons behind the rapid rise of emis-
sions are; burning coal, oil and gas, deforestation, escalating livestock farming, fertiliz-
ers containing nitrogen as well as fluorinated gases (Commission, Causes of climate 
change). Europe sets highly ambitious goals as it targets to become the first climate-
neutral continent, thus having zero net GHG emissions by 2050. In order to achieve its 
pioneering goals, Europe has set up the European Green Deal which includes a collec-
tion of measures and regulations aiming towards cutting GHG emissions, investing in 
research and innovation and protecting Europe’s natural environment. Two of the key 
actions aligned with Europe’s goals, are decarbonizing the energy sector and make 
more energy efficient buildings (Commission, EU climate action and the European 
Green Deal). Around 40% of European Union’s (EU) energy is consumed by buildings 
which account for 36% of GHG emissions.  For these reasons, EU has implemented the 
directives Energy Performance of Buildings Directive 2010/31/EU (EPBD) and the Ener-
gy Efficiency Directive 2012/27/EU which were both amended in 2018 and 2019 re-
spectively. Some of the most significant measures included in EPBD are the long-term 
renovation strategy as almost three quarters of EU’s buildings are energy inefficient, 
the establishment of cost-optimal minimum energy performance requirements as well 
as the requirement of new buildings to be nearly zero-energy buildings (NZEB) by 31 
December 2020, among others (Commission, Energy performance of buildings 
directive, 2019). Energy inefficient buildings are also one of the chief factors leading to 
energy poverty (Commission, Energy poverty, 2019). According to Sorrel (2015), reduc-
tion of energy demand is considered as one of the most trusted tools towards mitigat-
ing climate change. Greece has established the Greek National Energy and Climate Plan 
(NECP) in order to meet EU’s objectives (National Energy and Climate Plan, 2019). Ap-
proximately 60% of buildings in Greece were built before 1980 thus they were not 
thermally insulated as the first thermal insulation regulation was introduced in 1979 
and actually implemented after 1981 (Authority, 2015). It is obvious that valuable de-
tails can be gained by examining a chronological classification of Greek building stock 
(Elena G. Dascalaki K. G., 2011). This statistic reveals a huge potential for moderniza-
tion of the Greek building stock under the long-term renovation objective of EPBD. An-
other important point is that the most representative typology of urban residential 
buildings in Greece is the multi-family apartment building which is called ‘Polykatoikia’ 
(Papamanolis N. , 2005). This study endeavors to examine the effects of specific pas-
sive techniques on heating and cooling demand when applied on an existing multi-
family building in the city center of Thessaloniki in Greece. It is also aiming to identify-
ing the most suitable passive techniques for this specific case which are going to lead 
the building closer to NZEB as well as understanding their working principles. In this 
case, the existing building represents a typical multi-family building where residential 
use is dominant the ground floor is used for commercial purposes. Moreover, it was 
constructed before 1980 thus is considered uninsulated. The examined passive tech-
niques are window replacement, thermal insulation, Trombe wall, sunspace, thermal 
chimney and green façade.  Thus seven primary scenarios are created (including also 
the base-case scenario). Except from the base-case scenario, all other scenarios consist 
of their own sub-scenarios for which a parametric analysis is performed in order to op-
timize the examined passive technique. EnergyPlus (version 8.7) software is used for 
the simulations and by inserting specific required data it generates the annual heating 
and cooling demand. Hence, each scenario’s annual heating and cooling demand is 
  -13- 
compared not only with the base-case scenario but also to each other. Furthermore, 
three combined sub-scenarios were designed for different reasons; a) thermal insula-
tion + windows replacement, b) thermal insulation + windows replacement + thermal 
chimney and c) thermal insulation + windows replacement + green façade. The disser-
tation is structured as follows: 
The 1st chapter includes the introduction where an overview of the dissertation is pre-
sented. 
The 2nd chapter emphasizes and goes deeper into the problem definition, namely the 
energy consumption of buildings and displays how EU reacts to it. Moreover, the NZEB 
term is introduced. 
Chapter 3, a literature review, is divided into two sections; the first concerning why re-
ducing energy demand is considered important and the second presenting similar stud-
ies that have been conducted by accredited researches in an endeavor to clarify where 
this dissertation conform. 
Moving on to chapter 4, the theoretical background is presented, which provides the 
reader with some essential background information about the Greek building sector in 
its first part and about the chosen passive techniques in its second part. 
The following chapter 5, ‘Methodology’, demonstrates and analyzes the methodology 
used to achieve the objectives of this study along with the simulation procedure and 
the software used.  
Chapter 6 deals with the case study and reveals data about the climatic conditions of 
the examined location, details about the studied building as well as the calculation 
method and the settings of prerequisite data required by EnergyPlus. 
In chapter 7, each scenario and sub-scenario is unfolded and explained thoroughly 
along with its annual heating, cooling and total heating and cooling energy demand. 
The results are demonstrated and compared to each other in tables and figures.  
The 8th chapter contains the conclusions which were derived from the ‘7 re-
sults/discussion’ chapter and evaluates them according to the goals of this study. 
Chapter 9 ‘Bibliography’ shows the sources used for the completion of this study. 
Finally, the dissertation closes with chapter 10 ‘Appendices’ which is composed by 
three parts that include calculations according to TOTEE 20701/2017-1, monthly heat-
ing and cooling demand of each sub-scenario and calculations performed regarding 
thermal insulation thickness. 
2 Problem Definition 
Nowadays, people spend a great part of their daily routines in buildings, whatever their 
form is (homes, workplaces, public spaces, etc.), thus buildings are of paramount im-
portance for modern societies (Commission, In focus: Energy efficiency in buildings, 
2020). Despite that fact, building sector is still the one owning the record for the single 
largest energy consumer in EU while having also a huge share of CO2 emissions. More 
specifically, the building sector accounts for around 40% of EU energy consumption 
and 36% of GHG emissions (Commission, Energy performance of buildings directive, 
2019). Figure 1 shows the percentage of final energy consumption by sector according 
to Eurostat: 
 
Figure 1: Percentage of final energy consumption by sector in 2017 (Eurostat, 2019) 
The four primary phases responsible for those numbers are construction, usage, reno-
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John Adams (1735 – 1826) said “Every problem is an opportunity in disguise” so the 
challenging goal of EU about decarbonization by 2050 can be significantly impacted by 
upgrading the energy efficiency of the buildings (Commission, Energy performance of 
buildings directive, 2019). The positive effects of improving energy efficiency of build-
ings include among others conservation of the environment due to the lower energy 
demand, lower energy bills for homeowners and tenants, new jobs thus economic op-
portunities, improved quality of citizen’s life and looking one step further one can find 
long-term benefits like higher air quality and therefore healthy people (Commission, In 
focus: Energy efficiency in buildings, 2020).On the other hand, inefficient buildings can 
be translated as wasted energy and combined with the facts that approximately 35% of 
EU’s buildings are over 50 years old and 75% of EU’s building stock is not efficient 
enough a huge issue is revealed suggesting that retrofitting existing buildings is a must. 
Such actions could reduce both total energy consumption and CO2 emissions of EU up 
to 6% and around 5% respectively (Commission, Energy performance of buildings 
directive, 2019). 
2.1 Energy Performance of Buildings Directive 2010/31/EU 
Taking into account the above facts it becomes clear that in order for EU to achieve its 
energy and environmental goals, it has to pay special attention to building sector as it 
is a decisive factor. As a result of building’s importance, EU has established a legislative 
framework which includes two Directives:  
• Energy Performance of Buildings Directive 2010/31/EU  
• Energy Efficiency Directive 2012/27/EU 
Before implementing such rules, the buildings consumed the double amount of energy, 
thus those regulations are considered successful (Commission, In focus: Energy 
efficiency in buildings, 2020). Of course as new technologies emerge and science world 
takes steps forward, those Directives need to be revised and amended. This is the case 
with both of them, as they were amended in 2018 and Directive 2018/844/EU was cre-
ated. 
2.1.1 Main Objectives 
Through the implementation of policies and measures, a strategy is formed which sup-
ports EU to comply with the Kyoto Protocol to the United Nations Framework Conven-
tion on Climate Change (UNFCCC). Briefly speaking, the Kyoto Protocol binds the indus-
trialized countries to restrict and control their GHG emissions upon agreed terms by 
taking their own measures and regulations as it acknowledges that developed counties 
are the chief accountable of GHG emissions (United Nations, 2020). Moreover, the pol-
icies and measures are in line with further objectives which are clearly mentioned in 
Directive 2010/31/EU like keeping the global temperature rise below 2°C, reducing the 
GHG emissions by 20% compared with GHG emission levels of 1990, decreasing the 
energy consumption by 20% by improving the energy efficiency and increasing the re-
newables so they account for 20% of EU’s total energy consumption by 2020. 
2.1.2 Measures and Policies 
Focusing on encouraging the enhancement of the building sector regarding energy ef-
ficiency, the Directive 2010/31/EU proposed a wide range of helpful measures and 
guidelines which were meant to be utilized by the national EU governments. Consider-
ing the key points of the Directive, we can identify the cost-optimal minimum energy 
performance requirements not only for new but also for existing buildings and their 
elements. The comparative methodology framework for identifying cost-optimal levels 
of energy performance requirements for buildings and building elements is described 
in ANNEX III of the Directive 2010/31/EU. By incorporating such a framework, the EU 
ensured that the energy efficiency measures which nations are still taking have a calcu-
lated cost for their expected economic lifecycle and therefore the cost-optimal levels 
of energy requirements can be defined.  Furthermore, from 31st of December 2020 all 
new buildings needed to NZEB while all the public buildings needed to be NZEB from 
31 December 2018 to serve as an example. In addition, all the nations were required to 
create national plans which encourage the increase of NZEB and the Commission must 
issue a report every three years from 2012 and onwards. The definition of NZEB is a 
broad one and is going to be discussed in the chapter 2.4. Actions like issuing energy 
performance certifications which can be used by prospecting buyers and tenants with 
accurate information about the energy performance of buildings and guidelines for 
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improving the performance along with penalties for non-compliance among others ac-
tions, are further pushing countries to consider the energy efficiency of buildings as a 
matter of paramount importance. 
2.2 Directive (EU) 2018/844 
Previous Directive (2010/31/EU) highlighted the need for reviewing itself after a de-
fined period of time in order to assess the measures taken by nations, analyze the ex-
perience which was gained through the process and identify what could be improved. 
Hence, this Directive (2018/844) aims to enrich and ameliorate the Energy Perfor-
mance of Buildings Directive 2010/31/EU and Directive 2012/27/EU on energy efficien-
cy. 
2.2.1 Main Objectives 
New goals have been set for EU like reducing the GHG emissions by 40% compared to 
the 1990 levels by 2030, enlarging the renewable energy sector and boosting the ener-
gy status of EU thus preventing energy poverty, making EU a strong opponent in the 
energy market and promoting sustainability. Another ambitious goal is the reformation 
and upgrade of the energy system in order to become decarbonized by 2050. 
2.2.2 Measures and Policies 
Directive 2018/844 declares renovation as an action of supreme importance and ex-
plains that by expanding the energy saving by 1%, the need for gas import is decreasing 
by 2.6% promoting a more energy independent EU and subsequently creating a new 
sector of jobs within the EU. The optimum average renovation rate would be 3% ac-
cording to the Commission’s impact assessment in order to maintain a cost-effective 
strategy. EU countries are required to create and utilize strong long-term renovation 
strategies which are going to lead to a decarbonized building stock by 2050. Those 
renovation strategies need to cover specific objectives like a description of the national 
building stock, acts which are intended to promote cost-effective retrofits of buildings, 
further actions focusing on the worst buildings regarding energy performance, split in-
centive barriers, energy poverty and public buildings. At the core of long-term renova-
tion strategies of each member there should be the financial aspect accompanied by a 
number of actions. Moving further in the Directive 2018/844, one can find that nature-
based solutions (NBS) are mentioned and recognized as a tool for reducing the energy 
demand for heating and cooling and therefore contributing to a better energy perfor-
mance of a building. With Directive 2018/844 building and transportation sector are 
getting closer and their combination helps towards the decarbonization goals. This is 
because with the necessary technology and infrastructure, buildings can use smart 
charging systems to charge batteries of electric vehicles and therefore when used with 
renewables the result is fewer GHG emissions. As renewables are expected to increase, 
this combination is becoming more and more feasible and a good way to promote it 
would be by applying the right regulations and proposed building codes. These regula-
tions include minimum requirements and minimum infrastructure for car places and 
buildings respectively thus the electro-mobility sector is supported. As our times are 
characterized by digitalization, digitalization itself could not be excluded from the re-
vised Directive. Acts like combining renewables with smart grids and smart-ready 
buildings are paradigms of how digital age is affecting the energy sector. With a digital-
ized built environment, tenants and homeowners can be accurately informed about 
their consumption behavior so they can change it for the better and grid can be man-
aged more effectively to match the needs resulting energy savings. In order to assess a 
building’s ability to utilize information, communication technologies and electronic sys-
tems, an optional European scheme ‘smart readiness’ indicator is proposed. Further-
more, the obligation for building automation and control systems contribute to the in-
tegration of smart technologies while the health of the users is also taken into account 
through the regulations concerning air quality and ventilation rates. 
2.3 The Renovation Wave 
As the European Green Deal is a plan which aims towards a circular economy and re-
storing biodiversity while reducing pollution (Commission, A European Green Deal), a 
refurbished and improved building stock, both public and private, was proposed under 
the European Green Deal which intends to realize potential energy savings by boosting 
energy renovations (Commission, Renovation Wave, 2020). As mentioned above, the 
building sector is the single largest consumer of energy in EU thus a renovated and up-
graded building stock can have a key role towards EU’s goals. Concerning the facts that 
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around 80% of existing buildings are going to be to be still in use in 2050 and that 75% 
of current buildings are energy inefficient it becomes even clearer that renovation is 
crucial. As the building sector is more related with the local businesses, renovation 
forms a great path for economic growth by creating new jobs and improving the con-
struction field. Renovation is also included in the strategy which EU is constructing to 
reboot the economy following the recent pandemic, COVID 19, and was mentioned by 
the Commission on 27 of May 2020 as a part of the recovery plan (Commission, 
Renovation Wave, 2020). 
2.4 Net Zero Energy Buildings 
A crucial mechanism which is going to make the building sector mature, is that of 
NZEB. According to Directive 2010/31/EU article 2.2, ‘nearly zero-energy building’ 
means a building that has a very high energy performance, as determined in accord-
ance with Annex I of the same Directive. The nearly zero or very low amount of energy 
required should be covered to a very significant extent by energy from renewable 
sources, including energy from renewable sources produced on-site or nearby. Article 
1 of Annex I states ‘The energy performance of a building shall be determined on the 
basis of the calculated or actual annual energy that is consumed in order to meet the 
different needs associated with its typical use and shall reflect the heating energy 
needs and cooling energy needs (energy needed to avoid overheating) to maintain the 
envisaged temperature conditions of the building, and domestic hot water needs’. As 
can be seen in the above definition there is not a common numeric value to be used by 
all states of the Union. This strategy allows EU countries to construct their own limits 
and ranges for NZEB taking into account their location-based climatic conditions, pri-
mary energy factors, calculation methodologies and building traditions. Subsequently, 
definition of NZEB differentiates from country to country thus making it a difficult task 
to share a common definition for all EU members. In addition to the required imple-
mentation dates for the NZEB mentioned above, Member States are also required to 
create national plans to increase the number of NZEB as mentioned in article 9 of Di-
rective 2010/31/EU which are going to contribute in the decrease of energy consump-
tion and CO2 emissions. These national action plans must include information like de-
tails of technical characteristics of nearly zero-energy buildings which reflect the na-
tional, regional or local climatic conditions, a numerical indicator of primary energy use 
expressed in kWh/m2 per year, intermediate targets for improving the energy perfor-
mance of new buildings and data about the policies and financial or other measures 
taken by the Member to promote NZEB. 
3 LITERATURE REVIEW 
The aim of this study is to evaluate and compare the effectiveness in reducing heating 
and cooling demand of different passive techniques by using the EnergyPlus software. 
The examined passive techniques are thermal insulation, window replacement, at-
tached sunspace, passive Trombe wall, thermal chimney and green façade which are 
implemented on an existing multifamily building in Thessaloniki in order to reduce the 
heating and cooling energy demand. Therefore, a literature review was performed for 
two reasons; firstly to reveal the significance of reducing energy demand and secondly 
to study previous articles in which the above passive techniques were examined to get 
assessed.   
3.1 Energy Demand Reduction 
Firstly, improving energy efficiency and reducing energy demand are the most com-
monly accepted safe mechanisms which provide encouraging results towards climate 
change mitigation due to the reduced emitted pollutants but in order to be effective 
this reduction needs to be greater and more rapid than it has been achieved in the past 
(Sorrell, 2015). Building sector holds a special place in the attempt of reducing energy 
demand as it accounts for 40% of global energy use and 38% of global GHG emissions 
(Maggie Comstock, 2012). Cities have a specific concentration of buildings and there-
fore encounter specific opportunities and challenges. Energy demand of buildings is 
influenced by a number of factors like climate, quality of building stock, urban form 
and  conditioned area demand which itself is affected by income and location (Helga 
Weisz, 2010). Building design and building technology are of paramount importance 
but before improving the efficiency of systems and integrating renewables on buildings 
there is the need for reducing the energy demand of them.  
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3.1.1 EU Actions towards Reducing Energy Demand 
Directive 2010/31/EU and its amended version Directive 2018/844 highlight the im-
portance of decreasing the energy demand of the building stock with their objectives 
and measures previously mentioned in chapters 1.1 and 1.2. Among some of the most 
significant targets are the 2030 objectives towards 32.5% reduction in energy con-
sumption along with 40% of GHG emissions reduction and the 2050 target of climate-
neutral society. The former means reducing the energy consumption at least by 32.5% 
by 2030 relative to a projection made in 2007 which showed primary energy consump-
tion in 2030 of 1887Mtoe and final energy consumption of 1416Mtoe; hence the target 
for 2030 is 1273Mtoe and 956Mtoe respectively as mentioned in Directive (EU) 
2018/2002. In addition, the existing ambition is at least 40% cuts in GHG emissions 
from 1990 levels but the Commission proposed in September 2020 a more ambitious 
target; cutting CHG emissions of at least 55% compared to 1990 levels and by June 
2021 a more detailed legislative framework about the novel target will be proposed 
(Commission, A European Green Deal). The latter, 2050 long-term strategy, indicates a 
target of achieving net-zero GHG emissions by 2050 which binds EU contribution to 
realize the Paris Agreement temperature objectives. Much of the reduced energy de-
mand is expected to occur in the building sector which is responsible for 40% of to-
day’s energy consumption. Renovation rates need to soar as the majority of 2050’s 
building stock exists today (Commission, A Clean Planet for all, A European strategic 
long-term vision for a prosperous, modern, competitive and climate neutral economy, 
2018). Moreover, Directive 2010/31/EU clearly states that focus should be given to the 
development and application of passive cooling techniques, specifically techniques 
which enhance the indoor climatic conditions and the microclimate of the area, in or-
der to improve the energy performance of buildings during the summer period as the 
last years has brought a growth in the number of air-conditioning systems in European 
countries. Subsequently, since the rise of such systems, the energy balance has been 
disturbed and electricity costs have risen due to the problems revealed at peak load 
times. According to Directive 2010/31/EU, with the right management of energy de-
mand, EU can strengthen its position in the global energy market and therefore 
achieve economic growth and be confident about its energy supply security for the 
years to come beating energy poverty.  
3.1.2 Energy Poverty 
Energy poverty can be expressed as the condition in which individuals or households 
are not able to adequately heat or provide other required energy services in their 
homes at affordable cost (Steve Pye, 2015)Our dependence on energy in our everyday 
lives is obvious as our homes require a specific amount of heating, cooling and lighting 
to provide us a reasonable level of comfort which leads to a fair standard of living and 
a healthier life. With 50 million households suffering from energy poverty only in the 
EU, the Union endeavors to handle the challenge by setting it as a priority in the Clean 
Energy for All European package. The reasons behind energy poverty include energy 
inefficient buildings and appliances, high energy expenditures, low household incomes 
and specific household needs and it is admitted that living in such situation is going to 
negatively affect not only physical health but also mental health (Commission, Energy 
poverty, 2019). 
3.1.3 The Greek National Energy and Climate Plan 
NECP is the roadmap that has been established by the government in order to meet 
the EU’s 2030 targets regarding energy and climate issues. NECP serves as the key tool 
for the next decade in terms of formulating the national energy and climate policy con-
sidering the Commission’s recommendations and the UN sustainable development 
goals. The government’s target is to contribute significantly to the energy transition 
without compromising the economy of the nation and therefore make Greece a strong 
contributor towards the Union’s targets for 2030 and 2050. NECP objectives are ambi-
tious and challenging as they surpass the core EU targets which are currently in force. 
More specifically it aims towards 42% reduction of GHG emissions compared to the 
1990 levels while EU set the a of 40% decrease in GHG thus Greece is showing deter-
mination in achieving the long-term target of climate neutral economy in 2050. In addi-
tion, the goal of reducing final energy consumption was set at 38% exceeding the cor-
responding indicator of EU which was set at 32.5%. A key ingredient towards accom-
plishing this target is the retrofit of the Greek building stock while financing pro-
grammes concerning energy renovations are necessary and need to be revised every 
now and then in order to promote cost-effectiveness. 12-15% of buildings and/or 
building units is going to receive energy upgrades in the decade 2021-2030 through 
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policy measures designed and proposed in NECP. The creation of 22 thousand new full-
time jobs and an added value of 8 million euros to the building stock are expected due 
to the energy upgrading of the building stock. The progression towards achieving the 
targets will be monitored and assessed through a specific mechanism which is going to 
be developed (National Energy and Climate Plan, 2019).  
3.2 Further Literature 
The second part of the literature review is related to previously published work regard-
ing the examination mainly of passive techniques and how they influence heating and 
cooling demand when applied on the Greek building stock. 
Balaras et al. (2007) not only examined the EU building stock and especially Greek 
building stock, but also developed a methodology to quantify potential benefits and 
define the priorities for energy conservation measures (ECM) in Greek residential 
buildings. More specifically, the primary goals of the article were to gather and adjust 
available data concerning the existing building stock and its energy consumption, cal-
culate the thermal and electrical energy consumption for various uses in existing build-
ings and forecast the consumption for new buildings, evaluate the energy saving po-
tential of thermal insulation, double glazing, sealing of openings, new boilers, mainte-
nance, solar protection, energy efficient lamps, solar collectors, HVAC, automatic con-
trols, etc. while also estimating their cost and recommend suitable measures to design 
implementation plans. Balaras et al. pointed out that their greatest challenge towards 
completing their study were the lack of data. In order to fill the gap they made as-
sumptions combined with available data like the annual growth rate of the number of 
dwellings, percentage of not insulated buildings and more. The authors conclude that 
energy conservation while maintaining an optimum indoor environment is a tough task 
and that energy efficiency in residential buildings has multidimensional benefits. The 
results concerning the ECMs are summarized on a table in the article which mentions 
the expected energy savings for each ECM, the ECMs which are recommended in each 
climatic zone and comments about payback period. In addition, the authors also list a 
number of supportive measures for implementing the proposed ECMs. 
Dascalaki et al. (2016) examined various scenarios for diverse modernization rates to 
identify the most potential refurbishment scenarios regarding space heating and do-
mestic hot water in order to achieve the 2020 and 2030 national CO2 emission targets. 
The article presents an approach which transfers the assessment of energy perfor-
mance from a single building to a national building stock. The project begins with the 
Greek residential building typologies for which the authors used the TABULA typologies 
which classifies Greek building stock according to three parameters; size (single family 
houses or multifamily houses, age of construction (pre-1980, 1981-2010, post 2011) 
and location (climatic zones A-D) resulting in 24 building typologies. Each of these 24 
building typologies is assigned different building modernization levels concerning 
thermal insulation, space heating system and DHW system. Information about the 
Greek building stock is taken from ELSTAT while the official national software TEE-
KENAK is used for calculations regarding annual total energy demand, final energy con-
sumption and CO2 emissions per unit floor area for space heating and DHW for 2012-
2030 period. In order to obtain more realistic estimates of actual energy and for as-
sessing energy savings from different energy efficiency measures (EEMs), the authors 
invented a two-step approach; utilizing information available from energy performance 
certificates (EPCs) and short surveys on field. This approach was translated into factors 
which were used for correcting the calculated values for each building type. Dascalaki 
et al. then created four main scenarios along with their sub-scenarios concerning dif-
ferent refurbishment rates and target the building’s envelope, systems, or both. They 
conclude that the main components in order to achieve the future targets are the min-
imization of heating demand, the use of high efficiency systems among with solar as-
sisted systems and solar assisted cooling of heat pumps operating with photovoltaic 
(PV). Moreover, the authors suggest that choosing the appropriate EEMs and evaluat-
ing their effectiveness accurately will play a critical role.  
Droutsa et al. (2014) examined the benefits of several individual ECMs for reducing 
heating energy consumption in Greek residential buildings and set the criteria to priori-
tize them. The authors suggest that choosing the appropriate ECM is a multidimen-
sional problem with many constraints and limitations. The building typologies used 
were the same as the previous mentioned article, meaning the 24 building typologies 
which were developed under TABULA. The existing condition and the effect of ECMs 
were assessed by calculations which were performed using the official national soft-
ware TEE-KENAK. Many assumptions are used according to the national calculation 
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methodology and technical guidelines for minimizing the judgment of software users. 
Droutsa et al. constructed 18 scenarios; 5 regarding building’s thermal envelope, 10 
concerning the efficiency of building’s heating system and another 3 for exploiting RES. 
In order to get a comprehensive techno-economic assessment, a typical cost for each 
scenario was calculated based on an estimated total first-cost investment of the 
equipment, including installation. 2 filters were applied in order to determine if a sce-
nario is applicable or not; first to have a payback period up to 10 years and second to 
have an investment cost below 10k€ for single family houses and 5k€ per apartment 
for multi-family houses. Moving on with only applicable scenarios, the authors set two 
ranking criteria to examine their significance; maximum primary heating energy saving 
and minimum payback period. The study concludes that the majority of interventions 
are effective throughout the country while their success and applicability depends on 
the age of construction of the building while there is great potential even for simple 
ECMs. The selection of ECM should be based on two factors; the amount of energy 
conservation and the investment cost among with the payback period. 
Fotopoulou et al. (2018) looked into the energy saving potential of sunspace when at-
tached on low-energy performing block buildings for different climatic contexts. The 
inspected case is a social housing compound build in the 60s and is located in the 
northern suburb area of Bologna. The building was simulated in detail by using Design-
Builder which is a fully featured interface using EnergyPlus. As a reference unit an 
apartment was chosen and divided into 8 thermal zones in order to differentiate daily 
conditions for various uses on annually basis. Fotopoulou et al. analyzed and simulated 
5 scenarios; the building as it was built, wall insulation plus window replacement, as 
built plus sunspace on south and buffer zone on north, wall insulation plus window re-
placement plus sunspace on south plus buffer zone on north and wall insulation plus 
window replacement plus creation of a double glazed space in place of the internal 
opaque wall plus a buffer zone on the north side. For the energy analysis, the sunspac-
es and double glazed facades are considered closed during winter period and open 
during hot summer period. Fotopoulou et al. examined 4 parameters; orientation of 
sunspace, type of glazed surfaces, open/closed additions and climatic conditions of 
three locations. The selected cities were Bologna, Athens and Riga. The article comes 
to conclusion that southern climatic conditions lead to higher energy savings during 
winter while northern climatic conditions show greater energy savings during summer. 
Furthermore, façade additions seem very effective solutions which combine enhanced 
energy performance and provide buildings with new aesthetics.  
Mihalakakou (2002) examined the heating and cooling potential energy savings of a 
typical sunspace for different climatic conditions which are represented by four loca-
tions throughout Europe; Milano, Dublin, Athens and Florence. At the same time pas-
sive cooling techniques are examined to protect the building from overheating during 
summer period. In order to evaluate sunspace performance, Mihalakakou used TRNSYS 
simulation programme. Firstly, the building is considered as a single zone with a con-
nected sunspace on the south façade. For performing calculations, the author used 
hourly values of four climatic parameters for each city; ambient air temperatures, 
global solar radiation, diffuse solar radiation and humidity ratio. The next scenario in-
corporates the use of buried pipes among with the sunspace in order to enhance its 
thermal behavior. Therefore the sunspace was connected with two underground paral-
lel pipes buried at a depth of 1.5m, having 0.13m radius and 6m in length. Night venti-
lation passive technique was then examined, which was applied on the sunspace con-
nected to the building. The ventilation was determined equal to 5 changes per hour 
during night and 1 during day. Another passive technique examined by Mihalakakou 
was the use of shading. For this technique, an external adjustable shading device was 
selected and integrated on south and west facades of sunspace during the summer. 
The final scenario combines the three previously mentioned passive techniques, mean-
ing buried pipes, night ventilation and shading which are used simultaneously on sun-
space. The author concludes that using buried pipes can supply space cooling thus they 
help with the overheating issue. Night ventilation shows the same effects but perform 
slightly better. Shading devices could improve thermal behavior of building but cannot 
aid with the overheating during warm periods. Moreover, sunspace can contribute re-
markably towards reducing heating demand but creates overheating problems during 
summer months. The most efficient way to eliminate the latter is to combine the three 
passive techniques examined in this study. 
Pavlou et al. (2009) studied the performance of a solar chimney for the climatic condi-
tions of Athens by using dynamic simulations and sensitivity analysis in an effort to ex-
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amine how parameters like thickness of solar chimney, thermal resistance of construc-
tion materials of solar chimney, glazing type of solar chimney, absorptivity of solar 
chimney’s external surfaces, thermal mass of chimney and new design for chimney. 
The simulations were carried out using TRNSYS 16 software. Pavlou et al. made some 
assumptions in order to perform the simulations; steady-state conditions are used for 
calculations, air is incompressible, the chimney has two openings, one internal and one 
external while it is simulated as a zone and finally the room connected to the chimney 
is assumed to have one active opening. The authors come with several conclusions as a 
result of the parametric analysis; increasing solar chimney’s thickness from 0.10m to 
0.25m does not have any impact on airflow rate, impact of thermal mass and absorp-
tivity of external surfaces are negligible, airflow rate increased up to 23% when increas-
ing the insulation of solar chimney while over-insulation does not benefit the system, 
glazing type plays a crucial role as double low-emissivity glazing increases the airflow 
by 18% compared to single glazing and lastly when translucent elements were used in 
the roof and the southeast façade of the solar chimney as part of the new design the 
airflow increased by 12%. 
Kwang Ho Lee et al. (2009) made a research through simulations about the potential 
effects of attached thermal chimneys regarding ventilation rate and energy savings. 
The simulations were made using the EnergyPlus program. The article explains the 
basic concepts, assumptions and modeling algorithms which EnergyPlus utilizes in or-
der to simulate thermal chimneys performance. Some of the main assumptions which 
EnergyPlus consider are the one-dimensional heat transfer through elements of ther-
mal chimney, inlets temperature is taken as equal to room air temperature, resistance 
from surface friction does not affect airflow and air which replaces the discharged inte-
rior air because of thermal chimney is considered as outdoor air. Kwang Ho Lee et al. 
selected south façade as the one which thermal chimney is attached due to higher so-
lar radiation. Four parameters were examined for the optimization of thermal chim-
ney; chimney’s height, solar absorptance, solar transmittance and air gap width. Each 
parameter was tested for 5 different values and the date 21sr of August was chosen 
due to high solar radiation availability. This article does not concern Greece directly, 
but authors chose three locations in USA which represent three different climatic con-
ditions. Therefore, the concept of this study is applicable in any location and it’s worth 
mentioning when studying thermal chimneys. The three locations which were selected 
to represent cold, mild and hot weather conditions were Minneapolis, Spokane and 
Phoenix. Parametric analysis led to several conclusions. By increasing chimney’s height 
ventilation rate is also increased regardless the location while the same conclusion is 
made for solar absorptance and solar transmittance. On the other hand, higher air gap 
width led to slightly lower mass flow. Another important conclusion is that thermal 
chimney performance is greatly depended on solar availability; enhanced ventilation 
rate is observed with higher solar availability. The authors performed additional simu-
lations in order to examine heating and cooling potential energy savings. The study 
concluded that thermal chimneys can decrease cooling demand significantly while 
their cooling potential is higher than their heating. In addition, annual simulations 
showed similar percentages of energy savings thus thermal chimneys might be useful 
in locations previously thought as useless. Kwang Ho Lee et al. note that annual simula-
tions and beyond steady-state analysis are necessary in order to obtain accurate re-
sults about the applicability of such techniques.  
Bellos et al. (2016) examined an innovative design of Trombe wall which incorporates 
an extra glazing in the massive wall and was compared with a conventional Trombe 
wall and a usual insulated wall. The simulations were performed using Solid-
Works®FlowSimulation. Bellos et al. designed a small building with an area of 25m2 and 
selected Athens as building’s location. Three configurations were examined, which are 
mentioned above, all of them concerning the south wall. In order to reveal indoor air 
temperature profile, the simulation was performed for 7 consecutive days. The most 
significant conclusion of this study was that both designs of Trombe wall led to higher 
indoor temperature compared to the insulated wall. The highest one can be observed 
in the innovative Trombe wall design which provides about 0.5K higher temperature 
levels than conventional design and 3.5K higher than insulated wall for all examined 
months. The authors explain that by integrating a window on the massive wall, not on-
ly the building receives solar energy directly but also heats the internal air quicker than 
the massive wall. In addition, 18:00 was found as the time when the south wall reaches 
its highest temperature for all examined cases. Finally, the innovative design allows 
natural lighting of internal space which is considered as another advantage over the 
two other cases.  
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Eumorfopoulou et al. (2009) analyzed the thermal behavior and the dynamic thermal 
characteristics of building envelopes of two equivalent building floors, one integrating 
plant-covered insulated wall while the other bared insulated wall. Thessaloniki was 
chosen as the examined location which corresponds to climatic zone C of Greece while 
a stationary method was used in order to assess both cases. Eumorfopoulou et al. ex-
amined a multi-storey building with 5 floors for their study. The east façade of the 
building was exposed to the external environment while the study focused on 2nd and 
3rd floors. The former had its building elements covered by climbing plants and more 
specifically by parthenocissus triscuspidata except for windows while the latter’s build-
ing elements were bare. A measuring system was installed in order to make the evalu-
ation of influence due to plants possible. Hence, outdoor and indoor temperatures and 
surface temperature of the walls were measured on field. On the other hand, solar ra-
diation, wind, as well as relative humidity data were gained from a nearby observation 
station. The investigators set 1h as the time step of measurements and used five sen-
sors in order to get the following measurements; interior and exterior temperature of 
bared wall surfaces, temperature within the foliage of planted wall, interior and exteri-
or temperature of planted wall surfaces. An additional sensor was used on the balcony 
of the building to obtain outdoor temperatures and relative humidity values. The field 
measurements took place between 16th July 2006 and 15th August 2006. The authors 
drawn valuable conclusion regarding thermal performance of green facades. Firstly, 
the utilization of such interventions not only enhances indoor thermal conditions, but 
also the outdoor built environment. Results of this study indicate that bare wall sec-
tions have significantly higher surface temperatures than planted wall sections. There-
fore, the cooling effect of climbing plants on interior and exterior surfaces of walls is 
great especially during very warm days. In addition, green facades can reduce heat 
flow losses thus leading to energy savings. Eumorfopoulou et al. note that such tech-
niques can be utilized for retrofitting purposes on buildings with poor orientation in 
the Greek region to enhance their thermal behavior and reduce the cooling demand of 
them.  
By reviewing the literature, it seems clear that passive techniques are suitable and ef-
fective on the Greek building stock. Thermal insulation, glazing type as well as sealing 
of openings appear to be more mature are more thoroughly studied techniques. Ad-
vanced techniques like sunspaces, thermal chimneys, passive Trombe walls and green 
facades need further study. Moreover, most articles compare the examined passive 
technique of a paper with a classic thermal insulation scenario or as it was built initial-
ly, while a direct comparison between several passive techniques is lacking. This is 
where this study fits in. By comparing various passive techniques on the same case as 
well as the same software, Energyplus, it allows direct comparison of them and exam-
ines their applicability and effectiveness on the Greek multifamily buildings. 
4 Theoretical Background  
This chapter is divided into two subcategories: the ‘Greek Building Sector’ and the ‘In-
terventions’ chapters. The first one is crucial because knowledge of the energy behav-
ior of the existing building stock is a prerequisite in order to implement successful 
plans towards minimizing the energy consumption and GHG emissions (Elena G. 
Dascalaki K. G., 2011), while the latter is necessary in order to understand how the 
examined passive techniques work.  
4.1 Greek Building Sector 
Broadly speaking, there are five major factors which influence the way buildings are 
constructed: microclimatic conditions of an area, the building materials available, the 
combination of traditions, influences and impacts of the built-up environment, the le-
gal framework (national building codes) and the cost of construction. As Greece be-
longs in a highly seismogenic area, the major environmental factor which affects the 
buildings is the seismicity of the ground thus the Greek Seismic Code has a decisive 
role. Greek Seismic Codes forces the buildings to integrate a very strong supporting 
structure thus concrete is the material used for this purpose. The energy performance 
of buildings was not taken seriously into consideration; instead appearance and luxury 
had priority. (Papamanolis N. , 2005). 
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4.1.1 Classification of Buildings 
Critical information can be gained just by looking into the year of building construction. 
These details concern the type of envelope construction, the use of thermal insulation, 
the materials used for the envelope and the kind of electromechanical installations 
(Elena G. Dascalaki K. G., 2011). According to Dr. Theodoridou et al. (2011) the Greek 
building stock can be categorized into six categories depending on the year of their 
construction: 
 
• Class A (1919-1945): as this is the first class chronologically, it contains the initial 
building and urban planning regulations which were influenced by German and French 
architecture. Several external factors had largely impacted the housing demand from 
1920-1930 which soared and led to the formation of a new legislative framework in 
order to cover that demand. Another important innovation at the time was the intro-
duction of elevators which enabled the construction of higher buildings.   
• Class B1 (1946–1960): this period was mainly affected by the booming of rein-
forced concrete usage which led to readjustment of construction regulations. Multi-
family houses were constructed influenced by Bauhaus style and space’s form was tak-
en into account as new regulations emerged. Subsequently, multifamily buildings were 
on the rise and the General Construction Regulation (GCR) of 1955 established the 
shape of cities, suburbs and rural areas as continuous building system, detached type 
and semi-detached or standalone respectively. 
• Class B2 (1961–1980): after several improvisations of GCR, a new one was issued in 
1973 as new knowledge and experienced was gained. The trend followed the Modern-
ism style and the first two cities which encountered the massive urbanization were 
Athens and Thessaloniki, thus they were quickly expanded. The significance of this pe-
riod is revealed through the first notable energy conservation measure in Greece, the 
Thermal Insulation Regulation of Buildings which was introduced in 1979 and imple-
mented after 1981. Its importance can be further stressed considering that it was the 
only strategy for enhancing the energy behavior of the building stock until September 
2010. 
• Class C (1981–1990): the main characteristic of this period is the introduction of 
pilotis, meaning that the ground floor was used as free space for parking instead of 
apartments. The thermal insulation regulation was gradually implemented during the-
se years.   
• Class D (1991–2010): the typology stayed very close to the previous period while 
the thermal insulation regulation was integrated to new constructions but still not at 
its fullest. For instance, the load bearing structure is non-insulated for the buildings be-
fore 2000 (Elena G. Dascalaki K. G., 2011). Moreover, Law 3661/2008 for the reduction 
of energy consumption of buildings was published in order to integrate 2002/91/EC 
into Greek legislation along with the Joint Ministerial Decision No 14826/2008 setting 
out energy efficiency improvement and energy savings measures in the public and 
wider public sector (ENERGY, 2017). It’s worth mentioning that building materials were 
reconsidered and changed in order to comply with the new Greek seismic codes.  
• Class E (2010–today): Finally, during this period Greek Regulation for The Energy 
Performance of Buildings (KENAK) set stricter energy legislative framework which was 
going to affect the new constructions remarkably by promoting energy savings and 
protection of environment. The main objective of KENAK is to decrease the conven-
tional energy consumption of heating, cooling, air conditioning, lighting, and domestic 
hot water (DHW) without compromising the thermal comfort of the building. In 2010 
another two laws were introduced, Law 3851/2010 setting out measures for the use of 
renewable energy sources in buildings and compensatory contributions at local level 
for the establishment of renewable energy source plants and Law 3855/2010 setting 
out measures for improving end-use energy efficiency, energy services, and other pro-
visions in order to enhance the use of renewable energy sources and to establish the 
required framework for energy saving measures in Greece respectively. More laws 
were implemented the following years like Law 4122/2013 which is the Greek imple-
mentation of Directive 2010/31/EU and Law 4342/2015 which is the transposition of 
Directive 2012/27/EU on energy efficiency (ENERGY, 2017).  
According to Elena G. Dascalaki et al (2011), the calculated annual energy demand can 
be illustrated in the next figure: 
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Figure 2: Calculated annual thermal energy demand per unit heated floor area of the buildings 
(bars) in the Greek typology (Elena G. Dascalaki K. G., 2011). 
The figure 2 includes single family houses (SFH), multifamily houses (MFH), for the four 
different climatic zones of Greece as shown in chapter 4.1.2 and three construction 
periods (1: pre-1980, 2: 1981–2000, 3: after 2000).The symbols (SFHnorm and 
MFHnorm) refer to the corresponding normalized data with the Heating Degree Days 
(HDD). The reason of the higher energy demand of SFH in comparison with MFH of the 
same climatic zone and construction age is because the majority of SFH is detached 
while MFH are protected due to the neighboring with other buildings. Moreover, when 
comparing buildings of the same age the demand increases when the climate is colder 
as expected (Elena G. Dascalaki K. G., 2011).  
4.1.2 Climatic Zones of Greece 
KENAK sets four climatic zones for Greece according to their HDD for the examination 
of energy performance of buildings:  
 Zone A (601–1100 HDD),  
 Zone B (1101–1600 HDD),  
 Zone C (1601–2200 HDD) and 
 Zone D (2201–2620 HDD). 
Zone A is the warmest climatic zone, followed by B and then C while D is the coolest. 
Buildings which were constructed at an altitude of over 500 meters are examined 
based on specifications of the next cooler climatic zone rather than the zone they be-
long based on the HDD except for climatic zone D. Figure 3 illustrates the four climatic 
zones while table 1 shows the counties which belong in each zone: 
 
Figure 3: The four Climatic Zones of Greece according to TOTEE20701/2017-1 (Papamanolis N. , 
2015) 
Table 1: Greek territory division into climatic zones by counties according to 
TOTEE20701/2017-1 
CLIMATIC ZONE COUNTIES 
Climatic zone A 
Heraklion, Chania, Rethymno, Lassithi, 
Cyclades, Dodecanese, Samos, Messinia, 
Laconia, Argolis, Zakynthos, Kefallinia & 
Ithaca, Kythira & Saronic islands (Attica), 
Arcadia (lowland). 
Climatic Zone B 
 
Attica (except Kythera & Saronic islands), 
Corinth, Ilia, Achaia, Etoloakarnania, Fthi-
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otida, Fokida, Boeotia, Evia, Magnesia, 
Lesvos, Chios, Corfu, Lefkada, Thesprotia, 
Preveza, Arta. 
Climatic Zone C 
 
Arcadia (mountainous), Evritania, Ioanni-
na, Larissa, Karditsa, Trikala, Pieria, Ima-
thia, Pella, Thessaloniki, Kilkis, Halkidiki, 
Serres (except NE section), Kavala, Xanthi, 
Rodopi, Evros. 
Climatic Zone D 
 
Grevena, Kozani, Kastoria, Florina, Serres 
(NE section), Drama. 
 
4.1.3 Hellenic Statistical Authority 
ELSTAT (Hellenic Statistical Authority) provides a set of different figures regarding the 
building stock such as the number of floors, the use of the building, the year of con-
struction, the construction materials, the type of roof and the type of property’s owner 
as they were counted in 2011. As the age of construction plays a crucial role on the 
characteristics of the building, it is important to quantify the existing building stock ac-
cording to the previously mentioned classification. Figure 4 shows the number of build-
ings according to the year of their construction: 
 
Figure 4: Number of buildings as was counted in 2011 according to the year of their construc-
tion (Authority, 2015) 
The above numbers show large energy saving potential of building renovations as the 
majority of buildings were constructed before the implementation of the first thermal 
insulation regulation which sets the minimum requirements for thermal conductivity 
for the envelope of buildings according to the climatic zone in which they belong 
(Constantinos A. Balaras, 2007) thus their energy performance was not taken into ac-
count. Another important statistic given by ELSTAT is that only 8% of the buildings are 
mixed-use while 92% have exclusive use. The large majority of exclusive use buildings 
are residential dwellings which account for 79.2% and the rest can be seen in figure 5: 










Number of Buildings (2011) 
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Figure 5: Percentages of exclusive use buildings per type (Authority, 2015) 
Mixed use buildings follow the same trend but with stores and offices accounting al-
most fourfold times (16%) relative to the same category in exclusive use buildings 
(4.1%). Figure 6 illustrates the distribution of mixed use buildings by type of their main 
use: 
 
Figure 6: Percentages of mixed use buildings per type (Authority, 2015) 
55.9% of mixed use buildings are combining residential dwelling with stores, making it 
the most usual blend. The material of construction is another crucial factor which con-
cerns the buildings. According to ELSTAT, the main construction material is concrete, 
followed by bricks or cement block and then stones. Greece belongs in a high seismo-
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genic area, so the Greek Seismic Code determines concrete as the main material for 
structures. Figure 7 represents the material data: 
 
Figure 7: Constructions’ ratio per main material (Authority, 2015) 
The three most frequently used materials indicate the substantial heat storage capacity 
of the Greek building stock. Furthermore, the majority of the materials are produced 
locally and therefore import is only needed for special materials (Papamanolis N. , 
2005)  
4.1.4 Multifamily Buildings – Polykatoikia 
Nearly all urban residential buildings in Greece are multifamily buildings. These multi-
storey buildings are being called Polykatoikies (Greek: polys=many and 
katoikia=dwelling) and they have managed to overcome climatic conditions and histor-
ic background to make it in all urban areas.  They have multifunctional character as 
they can combine different uses in the same building and they hold a key position in a 
Greek city’s energy behavior (Ifigeneia Theodoridou A. M., 2012) . The most common 
typology of these buildings is to have a ground floor and another three to five higher 
floors with some rare cases reaching seven floors. Those floors are connected via a 
central stairwell which usually contains both a staircase and an elevator. The usual net 
height of each floor is around 2.8m. Central heating systems and separate storage 
rooms are located in the building’s basement. The ground floor includes the main en-
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rear are open sided while also lateral sides might be open depending on the method of 
construction. Moreover, each floor is about 120-200m2 on average and consists of one 
to four apartments. Moving to the apartments, they include bedrooms depending on 
their size, a living room, a kitchen which may be uniting with the living room or be a 
separate room and a bathroom. The biggest of the apartments move from the façade 
to the rear of the building with the living room located to the façade while the other 
rooms to the rear. Another important characteristic is that both the layout of apart-
ments and the external faces of storeys are frequently exactly the same. The support-
ing structures are bulky due to the use of concrete as a result of the strict require-
ments of Greek Seismic Codes while the external walls are made of bricks and plaster. 
A vital element of not only Polykatoikia but also of all urban residential buildings in 
Greece is the existence of balconies. Every apartment above ground floor has at least a 
balcony with a width between 0.5-2.5m. Their main function is to provide a quick and 
easy access to the external environment to the building’s residents. The interaction of 
the building itself and the external environment is largely influenced by balconies as 
they provide shade to the external building and openings beneath them and therefore 
reducing solar gains. In addition, natural daylight and wind flow patterns are affected 
too. As the balconies are projections they protect the building from rain and eventually 
from damp. Another usual characteristic of Polykatoikia is the presence of awnings to 
control solar gains more effectively and they can be found on balconies which face the 
sun. (Papamanolis N. , 2005). As Polykatoikia is the main element of Greek cities it is 
crucial to keep in mind the basic characteristics of them in order to plan efficient and 
applicable energy renovation measures which are going to influence the urban 
environment and shape the Greek cities (Ifigeneia Theodoridou A. M., 2012). 
4.1.5 Increasing NZEB in Greece 
As was mentioned before, Directive 2010/31/EU set the policy for the approval of a 
national plan by the Minister of Environment and Energy to increase the number of 
NZEB. The Greek national plan was prepared in December of 2017 and describes the 
situation in Greece regarding the building stock along with the energy performance of 
building regulations. Moreover, it includes what was required in the EPBD, meaning 
details of technical characteristics of NZEB, a numerical indicator of primary energy use 
expressed in kWh/m2 per year, intermediate targets for improving the energy perfor-
mance of new buildings, the policies and measures which are necessary to meet the 
targets and finally highlights the importance of funding instruments. This plan shows 
the first attempt of Greece of its kind and is going to revised and enhanced according 
to the new technology developments and views of parties concerned like Greek socie-
ty, stakeholders and Greek economy. The numerical indicator for defining a NZEB is 
described below: 
 New residential buildings: maximum primary energy usage 80 kWh/m2, with a 
minimum usage of 60% renewable energy 
 Existing residential buildings: maximum primary energy usage 95 kWh/m2, with 
a minimum usage of 50% renewable energy 
 New tertiary sector buildings:  maximum primary energy usage 85 kWh/m2, 
with a minimum usage of 20% renewable energy 
 Existing tertiary sector buildings: maximum primary energy usage 90 kWh/m2, 
with a minimum usage of 15% renewable energy 
4.2 Interventions 
The second part of theoretical background presents a brief description of the passive 
techniques which are going to be simulated among with their basic working principles. 
4.2.1 Window Replacement 
External windows consist of glazing, framing and sometimes shading devices. They en-
hance the physical and visual connection with outdoors while they also admit solar ra-
diation into the building. If there are any operable units they allow natural ventilation 
of spaces. Solar radiation leads to heat gains and natural daylight. Hence, windows play 
a crucial role in the energy behavior of a building through four mechanisms; thermal 
heat transfer, solar heat gain, air leakage and natural daylight. Therefore, there are 
four ways to increase the energy performance of windows:  
 allowing natural lighting to minimize lighting requirements,  
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 using a unit of glazing with the right solar heat gain coefficient (SHGC) among 
with a suitable shading device to control solar heat gains in order to get solar 
gains during heating period and eliminate them during cooling period,  
 using the appropriate glazing to minimize conductive heat loss, meaning using 
glazing with lower U-values, 
 getting protected from air leakages as air infiltration affects significantly the 
energy consumption.  Infiltration is the uncontrolled inward leakage of air 
caused by pressure effects of wind or differences in air density and is different 
natural ventilation which brings in air in a controlled manner.  
As there is a wide and diverse range available, the designer should consider archi-
tectural requirements, thermal performance, economic criteria, and human com-
fort when selecting window for a project (American Society of Heating, 2001).  
4.2.2 Thermal Insulation 
Thermal insulations are materials or combinations of materials which reduce the rate 
of heat by conduction, convection and radiation when applied properly as their high 
thermal resistance delay heat flow into or out of the building. In order to understand 
better how thermal insulation works we need to define thermal conductivity, thermal 
resistance and thermal transmittance: 
 Thermal conductivity (λ-value): is a measure of the effectiveness of a material 
in conducting heat and is expressed in W/mK. This value allows comparison of 
effectiveness between different insulation materials (S.Al-Homoud, 2005). 
 Thermal resistance (R-value): is a measure of the resistance of heat flow as a 
result of containing conduction, convection and radiation and is expressed in 
m2K/W (S.Al-Homoud, 2005). Equation 1 describes how thermal resistance is 
calculated:  








Rj = Thermal resistance of a layer j 
dj = Thickness of a layer j 
λj = Thermal conductivity of a layer j 
 
 Thermal transmittance (U-value): often called the Overall Heat Transfer Coeffi-
cient, is the reciprocal of the sum of the resistances of the materials present in 
a building element plus the inside and outside air films resistances and is ex-
pressed in W/m2K. The lower the U-value the better as they slow the overall 
heat loss from a building (S.Al-Homoud, 2005). Equation 2 describes how ther-
mal transmittance is calculated: 
   
 
    ∑           
 
Equation 2: Calculation of thermal transmittance 
Where: 
U = Thermal transmittance  
n = Element layers 
Rj = Thermal resistance of a layer j 
Rin =Convection resistance regarding indoor air 
Ra = Convection resistance regarding outdoor air 
4.2.3 Passive Trombe Wall 
Trombe wall is the combination of a thermal storage wall and a translucent element 
with high solar radiation permeability and is a part of the building envelope. The ther-
mal storage wall is uninsulated and is made of materials which have high heat capacity 
in order to store heat and deliver it in the conditioned space at the desired time. The 
translucent element is placed near the thermal storage wall in order to trap solar radi-
ation which becomes heat in the space between. Heat is stored as thermal energy on 
the thermal storage wall and then is transferred to the adjacent space by conduction, 
convection and radiation. The translucent element and the air trapped between it and 
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the wall can work as well as an insulator thus protecting thermal storage wall from 
heat losses due to the lower ambient temperature. The system is enhanced by the ab-
sorptivity of the outside surface of thermal storage wall. Hence, higher absorptivity can 
lead to higher temperature of thermal storage wall and therefore more heat gains. An-
other crucial factor concerning the Trombe wall system’s effectiveness is the thickness 
of thermal storage wall as it affects the fluctuation of adjacent conditioned space tem-
perature. Larger thickness of the wall results in greater delay of heat transfer and 
smaller temperature fluctuations on the inside surface of wall thus lower fluctuations 
in the air temperature of the adjacent conditioned space. As with sunspace, protection 
from overheating during cooling period is necessary by incorporating shading devices 
and ventilation of Trombe wall (Technical Chamber of Greece, Bioclimatic Building 
Design, 2011).  
 
Figure 8: Trombe wall (Autodesk, REVIT PRODUCTS, 2020)  
4.2.4 Passive Sunspace 
Passive sunspace is the combination of a passive system of direct gains (through open-
ings) and a thermal storage wall. It is considered as unconditioned space and can be 
attached on the building’s façade where it can collect solar radiation and transform it 
into heat. The heat which is collected is then transferred into the conditioned space via 
the thermal storage wall which works as the heat transfer medium and as a separator 
between sunspace and conditioned space. Its effectiveness depends on its orientation 
as different orientations offer different amount of solar radiation and one of the goals 
when designing a sunspace is to maximize its capacity of collecting solar radiation. The 
benefits of an attached sunspace are various and diverse; they can reduce energy de-
mand, enhance thermal comfort, support the growing of plants and can be used as an 
extension of habitable space for the occupants. Sunspaces can also be used as buffer 
zones as they prevent heat losses from the building to the outdoor environment as its 
temperature is higher than the ambient temperature for almost all day. There are five 
main types of heat transfer from a sunspace to the conditioned space:   
 By direct solar radiation which enters the building if any parts of the thermal 
storage wall are translucent  
 By transfer of hot air from sunspace into the conditioned building via the stack 
effect if there are openings on the upper part of the thermal storage wall 
 By conductivity through the partition thermal storage wall 
 By using mechanical means like fans 
 By combination of the above 
Special attention should be given to the protection from overheating in order to make 
sunspaces contribute towards reduction of energy demand. Protection from the sun is 
necessary during the cooling period. Another essential parameter is the ventilation of 
the sunspace which not only does it help with the overheating but also controls mois-
ture and removes CO2 in case a sunspace is used for plant cultivation (Technical 
Chamber of Greece, Bioclimatic Building Design, 2011). A lot of studies have examined 
the effectiveness of sunspaces and concluded that if designed properly by taking into 
account local climate it can be an appropriate and effective system all year round 
(Daniel Aeleneia, 2014). Figure 9 illustrates how attached sunspaces work: 
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Figure 9: Attached Sunspace (Autodesk, Trombe Wall and Attached Sunspace) 
4.2.5 Thermal Chimney 
Thermal chimney is a passive solar technique. More specifically, it is a vertical shaft 
which aims to improve the natural ventilation of a building. Its main components are 
an absorber wall, air gap and a glass cover with high solar transmissivity to allow more 
solar radiation in (LABORATORY, 2016). The temperature inside the thermal chimney 
raises due to the solar energy thus the density of air inside drops. This drop of density 
causes air to rise and as a result is expelled out to the environment from the top of the 
chimney while at the same time is replaced with outside air which provides natural 
cooling in the building (Kwang Ho Lee a, 2009). The use of insulation and the sealing of 
openings which is widely used to reduce thermal loss are causing pollution and de-
crease the indoor air quality since there is no air penetration or leakage out. Hence, 
ventilation is necessary (Somaye Asadia, 2016). According to Somaye Asadi et al. ther-
mal chimney has four main advantages over natural ventilation: 
 Ensures occupant’s privacy while natural ventilation requires open windows 
thus allows view to internal space  
 Provides thermal comfort with less air movement compared to natural ventila-
tion which may cause noise and unbearable conditions if air velocity excesses 
1m/s 
 Offers protection from dust, pollution and outside noise 
 Can work under cold, dry, windless nights during summer while natural ventila-
tion is powerless under such conditions. 
Finally, thermal chimney can reduce energy demand both during heating and cooling 
period by decreasing heat losses through conduction in walls as the attached thermal 
chimney increases the building’s thermal resistance and by ventilation during cooling 
periods. Figure 10 shows thermal chimney’s mechanism for heating and cooling period: 
 
  
Figure 10: Thermal Chimney during heating and cooling period (SOLAR / THERMAL CHIMNEY) 
4.2.6 Green Facade 
A green façade is simply a wall which is partially or fully covered with vegetation. Its 
main components are a soil container, a soil mixture, climbing plants, a trellis system if 
needed and the air gap, which is also optional, between building and trellis system. 
Planting a green façade is very easy to do as little ground space or soil container is 
needed and installation costs are low unlike green panels which need special equip-
ment in order to be integrated into the building (Green Façade with climbing plants, 
2020). The benefits of green facades are various and according to Samar Mohamed 
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Sheweka et al. (2012) they can be divided into two categories; public and private. Be-
ginning with the former, green facades can reduce urban heat island effect (UHI). UHI 
refers to the increased temperatures of an urban area compared to the temperatures 
of surrounding suburban and rural areas (Santamouris, 2013). Vegetation combats UHI 
as it promotes natural cooling through shading, reduced reflected heat and evapotran-
spiration. Moreover, vegetation enhances exterior air quality by capturing airborne 
pollutants and atmospheric deposition while also filtering noxious gases and particu-
late matter. The last public benefit is the improvement of aesthetics as green facades 
provide variation to environment in which people carry out their daily activities. It is 
worth noting that various studies confirm the enhancement of mental health of people 
when surrounded by plants. The latter, private benefits include improved energy effi-
ciency, protecting building structure, improved indoor air quality, noise reduction and 
more (Samar Mohamed Sheweka, 2012).  
 
Figure 11: Green Façade (Tabassom Safikhani, 2014) 
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5 Methodology 
As the scope of this paper was to examine passive techniques implementation on the 
Greek Polykatoikia to minimize heating and cooling demand a specific procedure was 
required which was going to lead to the assessment of these techniques. An existing 
multi-family building which was constructed before 1980 in Thessaloniki was selected 
as a case study. The building was constructed in a raw system.  
5.1 Simulation Procedure 
In order to perform the energy simulations for a specific bulding, it is necessary to 
perform a series of assumptions and calculations as well as gather required data from 
literature. By doing so, the stage is set to start the energy simulations. 
5.1.1 Prerequisites 
Thermal zones were defined using the AutoCAD software according to the instructions 
of TOTEE20701/2017-1. The materials of the building were selected based on research 
in literature while their thermophysical properties were taken from TOTEE20701/2017-
2. The above was essential in order to create the thermal zones using the Euclid exten-
sion in SketchUp and therefore the geometry layout was set. After the completion of 
the design, a series of calculations were performed in Excel to determine the following 
data for each thermal zone according to TOTEE20701/2017-1 in such a way that they 
would be applicable in EnergyPlus: 
 Presence of people 
 Ventilation rate 
 Lighting power 
 Thermal power 
 Equipment power 
 Infiltration rate 
Moreover, the desired temperatures for heating and cooling periods were determined 
according to TOTEE20701/2017-1, while the selected heating and cooling periods 
slightly differed from that which TOTEE20701/2017-1 proposes. This is because 
TOTEE20701/2017-1 considers May, September and the first fifteen days of October as 
periods without any energy demand neither for heating nor cooling. Therefore, for this 
study May and September were integrated into cooling period while the whole Octo-
ber was integrated into heating period in order to have a complete annual report. 
5.1.2 Energy Simulation 
By importing the above data into the EnergyPlus the first simulation of the existing 
building was ready to be performed and the results revealed the energy demand of the 
‘base-case scenario’ of the building. Moreover, a variety of temperatures regarding 
base-case scenario were examined in order to further understand its thermal behavior 
and compare them with the corresponding temperatures of other scenarios. The base-
case scenario was the basis of the project as the passive techniques which were select-
ed were compared with it in terms of energy demand. Thermal chimney and green fa-
cade interventions were also compared with another sub-scenario for reasons ex-
plained later on in sub-chapters 7.6 and 7.7 respectively. The following interventions 
were selected in order to be examined through simulation in EnergyPlus: 
 Window Replacement: window’s U–value must be checked in order to comply 
with TOTEE20701/2017-2 limits. Five types of glazing were examined during the 
simulations; clear single glazing, clear double glazing, double glazing with low-E 
coating, solar control double glazing low-E and triple glazing with low-E coating.  
In addition, new infiltration rates were calculated for the building as the open-
ings were considered sealed.  
 Thermal insulation: the thermal insulation adequacy of each opaque element 
was checked in order to comply with TOTEE20701/2017-2 regulations which set 
the limit of thermal transmittance for various cases. Thermal insulation was 
added when necessary while the calculations concerning the thickness of insula-
tion were performed in Excel. No parameters regarding thermal insulation were 
examined as there are specific rules to be followed. Therefore, the parametric 
analysis concerned different types of glazing on the thermally insulated building 
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as the regulations of TOTEE20701/2017-2 set the limits for both opaque and 
translucent elements which must be met for both kinds of elements simultane-
ously. Furthermore, the corresponding temperatures of those which were ex-
amined for the base-case scenario were assessed.  
 Passive Trombe Wall: two designs of passive Trombe wall (classic Trombe wall, 
alternative Trombe wall) were created in EnergyPlus on the south façade of the 
existing building. The parametric analysis concerned ventilation, shading, length 
of Trombe wall and glazing type. The possible existence of pavement prevents 
the addition of Trombe wall on ground floor. As Trombe wall is an extension of 
the existing building, urban planning regulations must be examined. A variety of 
temperatures concerning the Trombe wall were studied following a similar pro-
cedure with the base-case and the thermal insulation scenarios. 
 Passive Sunspace: a sunspace was created in EnergyPlus attached on the façade 
of the existing building and a parametric analysis was performed concerning 
two types of sunspaces (balcony-sunspace and extended sunspace), ventilation, 
shading and five glazing types. Similarly to Trombe wall, no sunspace was added 
on the ground floor due to the possible existence of pavement and a number of 
urban planning regulations must be examined in order to define if such inter-
vention is feasible. The temperatures due to this intervention were also exam-
ined to further study its influence on the energy performance of the building. 
 Thermal Chimney: a thermal chimney was attached on the façade of the exist-
ing building using the corresponding class in the EnergyPlus. The thermal chim-
ney was attached to the best sub-scenario of thermal insulation due to the fact 
that thermal chimney’s effect is based on the outdoor air. Hence, as thermal in-
sulation + windows replacement sub-scenarios secure airtightness of building, it 
makes thermal chimney’s effect more apparent. Even so, a sub-scenario of 
thermal chimney attached on base-case scenario was examined in order to fur-
ther understand it. The parametric analysis concerns insulation of thermal 
chimney, cavity gap width, glazing type, addition of glazing, outlet area and a 
new schedule. The remaining parameters which are required in EnergyPlus in 
order to simulate a thermal chimney were taken from literature. As in the case 
of Trombe wall and attached sunspace, urban planning regulations must be 
studied. The monthly heating and cooling demand reduction was specifically 
examined for this intervention in order to figure out which months the thermal 
chimney was most effective. Furthermore, the mass flow rate caused by the 
thermal chimney was also examined. 
 Green Façade: a specific type of green wall was selected to be studied, the so-
called green façade. The plant selected was Boston Ivy (Parthenocissus tricuspi-
data) which is a climbing deciduous plant that can climb on the façade without 
any supportive structure (Gabriel Pérez J. C., 2014). A simplified method was 
used for the simulation of this scenario as EnergyPlus does not include specific 
simulation method for vertical green walls. For this reason, a building shading 
device was used with different transmittance for heating and cooling period to 
represent the deciduous nature of the plant.  
5.1.3 Flow-Chart of Methodology 
The whole procedure of the proposed methodology, from prerequisites to the assess-
ment of passive techniques, is graphically illustrated in figure 12 below: 
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Figure 12: Flow-chart of proposed methodology  
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6 Case Study 
The building selected for the examination in this study is a typical Greek multi-family 
building (Polykatoikia). It is located in the city center of Thessaloniki and more specifi-
cally on Agiou Dimitriou Street. In addition, it was constructed in a raw system before 
1980. Due to the year of construction, it is considered uninsulated, as the first Thermal 
Insulation Regulation of Buildings was introduced in 1979 and was fully implemented 
after 1981. Hence, there is a great opportunity for energy efficiency through the inte-
gration of various passive heating and cooling techniques. The building belongs in Class 
B2 as described in chapter 3.1.1. Taking into account the ELSTAT statistics concerning 
the number of buildings constructed by age (figure 4), this specific class represents the 
majority of buildings in Greece. This aspect, along with the fact that the majority of ur-
ban residential buildings in Greece are multifamily buildings, reveals a potentially high 
applicability of the passive techniques examined. Therefore, the examination of pas-
sive techniques for the specific case can contribute towards accomplishing the ambi-
tious objectives which were set by NECP in order to meet EU’s 2030 and 2050 targets 
as shown in chapter 3.1.1.  
6.1 Software Used 
In order to evaluate the energy performance of the examined building software pro-
grams were utilized; Sketch Up to set the geometry and EnergyPlus to perform the en-
ergy simulations. 
6.1.1 SketchUp 
SketchUp is a complete 3D modeling software which is used by various industries such 
as architecture, construction, commercial interiors and more (Inc, SketchUp, 2020). 
SketchUp Make 2017 is the version used in this study. In order to set the geometry of 
building energy models, an extension of SketchUp, namely Euclid, is used. Euclid is a 
free and open-source extension which allows users to easily create and modify the ge-
ometry for EnergyPlus. Euclid is the successor of the Legacy OpenStudio extension orig-
inally developed by the National Renewable Energy Laboratory (NREL) but as NREL no 
longer supports Legacy OpenStudio, Big Ladder Software took over the extension (LLC, 
2020).  
6.1.2 EnergyPlus 
EnergyPlus is a simulation engine without interface based on the most popular fea-
tures and capabilities of BLAST and DOE-2. It was written in Fortran 90 with structured, 
modular code which is easy to edit. Third party interface developers cooperated with 
EnergyPlus team to provide friendly end-user interfaces and modules. Moreover, this 
software consists of three main elements; a simulation manager, a heat and mass bal-
ance simulation module, and a building systems simulation module. The simulation 
process is entirely controlled by simulation manager while the heat balance calcula-
tions are based on IBLAST. More specifically, simulation manager direct the interac-
tions between all simulation loops as well as actions of individual simulation modules 
like such initialize, simulate, record keep, or report. Some of the main advantages of 
simulation manager are the containment of major simulation loops in a single module, 
modules are independent, data access is controlled and new modules can be added 
easily. Moving on to the heat and mass balance model, which is the building thermal 
zone calculation method in EnergyPlus, it works based on assumptions such as air in 
each thermal zone can be modeled with uniform temperature throughout. Other im-
portant assumptions in heat balance models concerning room surfaces include uniform 
surface temperatures, uniform long- and short-wave irradiation, diffuse radiating sur-
faces and single dimensional heat conduction. The role of building systems simulation 
manager is to control the simulation of HVAC, electrical systems, equipment and com-
ponents while also updating the zone-air conditions. It operates after the heat balance 
manager finalizes the simulation for a given time-step. Furthermore, EnergyPlus input 
files are perplexing and not user-friendly as their design was not intended to be the 
main interface for end-users; instead, end-users are expected to utilize the software by 
third-party interfaces. On the other hand, the output data are saved during simulation 
for each time step and they are readable and simple despite containing a large number 
of results. A disadvantage of this simple format of output data file is that it can become 
rather large. Another primary input data is weather. The weather data file is provided 
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by the software official website for more than 2100 locations (EnergyPlus) and contains 
information about location, data source, latitude, longitude, time zone, elevation, peak 
heating and cooling design conditions, holidays, daylight savings period, typical and 
extreme periods and more (Drury B. Crawley, 2001).  
 
Figure 13: Overall structure of EnergyPlus 
Some of the most important capabilities of EnergyPlus are the integrated, simultane-
ous solution of thermal zone conditions and HVAC system response, heat balance-
based solution of radiant and convective effects, sub-hourly as well as user-definable 
time steps for interaction between thermal zones and the environment, combined 
heat and mass transfer model, advanced fenestration models, illuminance and glare 
calculations, component-based HVAC, a large number of built-in HVAC and lighting 
control strategies, functional Mockup Interface and standard summary and detailed 
output reports. In addition, EnergyPlus is a free, open-source, and cross-platform build-
ing energy simulation program which engineers, architects, and researchers use to 
model both energy consumption and water use in buildings. Moreover, the software is 
funded by the U.S. Department of Energy’s (DOE) Building Technologies Office (BTO) 
which releases major updates twice annually (EnergyPlus). The version used in this 
study is EnergyPlus 8.7. 
 
Figure 14: EnergyPlus launch interface 
6.2 Climatic and Weather Data of Thessaloniki 
Thessaloniki is a city in Greece, located at 40.52° N latitude and 22.97° E longitude. It is 
located 4m above sea level and its climate is categorized as Csa class according to the 
Köppen climate classification, which is characterized by temperate climate with dry-hot 
summers, mild-wet winters and long sunny spells (M. C. Peel, 2007). As can be seen in 
figure 3, according to KENAK Thessaloniki belongs in climatic zone C. The next figures 
and tables were retrieved from the Hellenic National Meteorological Service and de-
scribe the climatic conditions of Thessaloniki: 
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Figure 15: Maximum, average and minimum monthly temperature (°C) of Thessaloniki accord-
ing to (Hellenic National Metereological Service, 2020) 
Table 2: Maximum, average and minimum monthly temperature (°C) of Thessaloniki according 
(Hellenic National Metereological Service, 2020) 
Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Minimum monthly 
temperature 
1.3 2.2 4.5 7.5 12.1 16.3 18.6 18.3 14.9 10.8 6.8 3.0 
Average monthly 
temperature 
5.2 6.7 9.7 14.2 19.6 24.4 26.6 26.0 21.8 16.2 11.0 6.9 
Maximum monthly 
temperature 
9.3 10.9 14.2 19.0 24.5 29.2 31.5 31.1 27.2 21.2 15.4 11.0 
 
As can be seen in figure 15 and table 2 the month with the higher temperature in Thes-
saloniki is July (26.6°C monthly average) while the month with the lowest temperature 
is January (5.2°C). 
 
Figure 16: Monthly Relative humidity (%) of Thessaloniki according (Hellenic National 
Metereological Service, 2020) 
Table 3: Monthly relative humidity value (%) of Thessaloniki 
Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Relative humidity 76.1 73.0 72.4 67.8 63.8 55.9 53.2 55.3 62.0 70.2 76.8 78.0 
 
Figure 16 and Table 3 indicate that relative humidity is high throughout the whole year 
with the minimum value being 53.2% in July. 
 
Figure 17: Monthly rain height (mm) shown with the red line, monthly rain days shown with 
blue columns according to (Hellenic National Metereological Service, 2020)  
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Table 4: Monthly mean rainfall (mm) values and total monthly rain days according to (Hellenic 
National Metereological Service, 2020) 
Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Monthly mean 
rainfall 
36.8 38.0 40.6 37.5 44.4 29.6 23.9 20.4 27.4 40.8 54.4 54.9 
Total  rain days 11.8 11.3 12.4 11.2 10.7 7.5 5.9 4.7 5.9 8.7 11.5 12.5 
 
Figure 17 and table 4 show that the rainiest month is December (54.9mm) and the less 
rainy is August (20.4mm). 
 
Figure 18: Monthly wind speed (kt) in Thessaloniki according to (Hellenic National 
Metereological Service, 2020)  
Table 5: Monthly mean wind power (kt) in Thessaloniki according to (Hellenic National 
Metereological Service, 2020) 
Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Monthly mean wind 
power 
5.8 5.9 5.5 5.4 5.1 6.0 6.5 5.7 5.4 4.9 5.0 5.4 
 
Finally, figure 18 and table 5 reveal the monthly mean wind power in Thessaloniki and 
as can be seen June and July are the windiest months while October and November are 
the less windy.  
6.3 Building Description 
The total building floor area is 1139.12m2 and it consists of a basement, a ground floor, 
five upper floors and a stairwell which extends above the last floor. The ground floor is 
used for commercial purposes as it contains two shops which are elongated on a 
north-south axis while the remaining five upper floors have residential use and share 
the same layout. Each of these floors contains two apartments which are positioned on 
the elongated north-south axis and the balconies are projecting by 1.3m from the fa-
çade. The apartments have a total floor area of 41.51m2 and include a living room, a 
WC, a kitchen, a circulation area and two bedrooms. Table 6 shows the organization of 
each floor: 
 
Table 6: Organization of each floor 
FLOOR CONTAINMENTS 
Basement Storage rooms 
Ground floor Two shops, main entrance and three staircases 
1st floor Two apartments and a main staircase 
2nd floor Two apartments and a main staircase 
3rd floor Two apartments and a main staircase 
4th floor Two apartments and a main staircase 





The building plans can be seen in the following figures 19, 20, 21: 
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Figure 20: Ground floor plan 
 
 
Figure 21: 1st to 5th floor plans 
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In addition, the 3D model of the building was designed in SketchUp software using the 
Euclid extension so the south and north façades are shown in figures 22 and 23: 
 
Figure 22: South façade of the building as was designed in SketchUp 
 
 
Figure 23: North façade of the building as was designed in SketchUp 
 
6.3.1 Construction Analysis 
According to Papamanolis N. (2005) the supporting structure of buildings in Greece is 
made of concrete while the walls consist of bricks among plaster on both sides. These 
details are also in agreement with ELSTAT data. More specifically, figure 7 reveals the 
constructions’ ratio per main material. The thermophysical properties of the selected 
opaque materials were taken from ΤΟΤΕΕ20701-2/2017. The opaque materials used 
for the base-case scenario of the building along with their thermophysical properties 
can be seen in table 7: 
Table 7: Opaque materials used for base-case scenario of the building and their thermophysical 










2.5 2400 1000 
Brick 0.45 1200 1000 
Plaster 0.87 1800 1000 
Tiles 1.84 2000 840 
Mortar 1.4 2000 1100 
Wood 0.13 500 1600 
 
Data regarding the translucent materials were taken from the European Solar Shading 
Database and for the base-case scenario of the building clear single glazing was select-
ed for windows. Its properties are shown in table 8:   
Table 8: Translucent material used for base-case scenario of the building and its characteristics 
Type of Glazing Clear Single Glazing 
U – Value (W/m2K) 5.80 
Solar Heat Gain Coefficient 0.85 
Visible Transmittance 0.90 
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By combining those materials, the constructions elements which were used for base-
case scenario are created. The following tables illustrate all the construction elements 
used for the base-case scenario along their width and the respective layers of materi-
als. Layer 1 is considered as the outside layer of each construction. Furthermore, the 
EnergyPlus outputs reveal the U-values of the opaque exterior elements which are also 
demonstrated in the corresponding table. 
Table 9: Material layers for ceiling 
Ceiling 
Width (cm) = 20 













Tiles 1 Mortar 1 
Reinforced 
concrete 
17 Plaster 1 
 
Table 10: Material layers for floor 
Floor 
Width (cm) = 20 























Table 11: Material layers for roof 
Roof 
Width (cm) = 20 U-value (W/m2K) = 4.45 
Layer 1 Layer 2 






Table 12: Material layers of underground ceiling 
Underground Ceiling 
Width (cm) = 30 













Tiles 1 Mortar 1 
Reinforced 
Concrete 
27 Plaster 1 
 
Table 13: Material layers for ground floor floor 
Ground floor Floor 
Width (cm) = 30 
















27 Mortar 1 Tiles 1 
 
  -69- 
 
 
Table 14: Material layers of lowest floor 
Lowest Floor 
Width (cm) = 30 U-value (W/m2K) = 3.49 












28 Mortar 1 Tiles 1 
 
Table 15: Material layers of brick wall 1 
Brick Wall 1  
Width (cm) = 10 










Plaster 1 Bricks 8 Plaster 1 
 
Table 16: Material layers of brick wall 2 
Brick Wall 2  
Width (cm) = 15 U-value (W/m2K) = 2.17 










Plaster 1 Bricks 13 Plaster 1 
 
Table 17: Material layers for brick wall 3 
Brick Wall 3 
Width (cm) = 20 U-value (W/m2K) = 1.75 










Plaster 1 Bricks 18 Plaster 1 
 
Table 18: Material layers for concrete wall1  
Concrete Wall 1  
Width (cm) = 10 














8 Plaster 1 
 
Table 19: Material layers for concrete wall 2 
Concrete Wall 2  
Width (cm) = 15 U-value (W/m2K) = 5.14 
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Table 20: Material layers of concrete wall 3 
Concrete Wall 3 
Width (cm) = 20 U-value (W/m2K) = 4.66 














18 Plaster 1 
 
Table 21: Material layers of wooden door 
Wooden Door 
Width (cm) = 4 U-value (W/m2K) = 2.19 
Layer 1 
Type Width (cm) 
Wood 4 
 
6.3.2 Thermal Zones 
The building was divided into 50 thermal zones as specific instructions from 
TOTEE20701/2017-1 were taken into account, according to the following specifica-
tions: 
• The desired internal temperature of a space differentiates more than 4K with other 
parts of the building for heating or cooling season 
• Spaces may have different uses or operations and therefore different design condi-
tions 
• Use of different HVAC systems according to internal conditions of the building 
• Large variations of energy gains and losses in spaces due to differences in internal 
and solar gains 
As HVAC systems were not examined in this study, the thermal zones were formed by 
considering different solar gains of south and north facades as well as their operational 
profile. Moreover, simplifications had to be made to satisfy the convex issues of Ener-
gyPlus thus thermal zones were shaped in rectangular form. Convex by formal defini-
tion is that any straight line passing through the zone intercepts at most two surfaces 
(LABORATORY, 2016). The designed thermal zones along with their uses are illustrated 
in the next figures: 
     
Figure 24: Thermal zones designed for basement 
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Figure 27: Thermal zones designed for extension of stairwell 
As can be seen in the above figures, three categories of thermal zones were used: 
 Residential use 
 Commercial use 
 Unconditioned space 
6.3.3 Geometry Layout 
Upon the completion of the thermal zone definition, the geometry of building can be 
set using the Euclid extension in SketchUp. At this point, the constructions were as-
signed to the corresponding building elements. The 3D model of base-case scenario 
was designed as shown in figure 28: 
 
Figure 28: Geometry of Base-case scenario as designed with Euclid extension in SketchUp 
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6.4 Calculations and Schedules 
EnergyPlus needs insertion of specific data in order to produce accurate results regard-
ing the energy behavior of a building. These data concern desired temperature, venti-
lation and infiltration rates as well as internal gains such as occupants, lighting and 
equipment. Hence, calculations according to TOTEE20701/2017-1, while keeping in 
mind the kind of data applicable to EnergyPlus, were performed and schedules were 
assigned for each of the above parameters. The calculations regarding data insertion in 
EnergyPlus can be seen in Appendix A. Moreover, EnergyPlus considers heating and 
cooling systems as ideal air systems, thus no coefficients of energy conversions were 
taken into account and therefore results revealed the energy demand of the building.  
6.4.1 Operating Hours 
Details about operating hours of residential and commercial uses/zones can be found 
in TOTEE20701/2017-1. More specifically, residential uses/zones operate 18 hours dai-
ly throughout the year, while commercial uses/zones operate 9 hours daily, for 6 days 
per week for the whole year. All schedules regarding the ventilation and lighting profile 
were based on these hours.   
6.4.2 Heating  
TOTEE20701/2017-1 provides the desired temperature for heating period which is 
20°C for both residential and commercial uses/zones. Heating period is defined from 
01/01 to 30/04 and from 01/10 to 31/12. Therefore, the heating schedule was set in 
EnergyPlus software and is demonstrated below:  
 
Figure 29: Schedule for heating in EnergyPlus 
The above schedule indicates that the heating system operates when the temperature 
of a zone drops below 20°C and is off when it reaches 20°C for the heating period while 
for the cooling period 0°C suggest no heating needs.  
6.4.3 Cooling 
The same process with heating applies also for cooling. TOTEE20701/2017-1 provides 
the desired temperature for the cooling period which is 26°C for both the residential 
and commercial uses/zones, while the cooling period is defined from 01/05 to 30/09. 
Figure 30 shows the schedule for cooling: 
 
Figure 30: Schedule for cooling in EnergyPlus 
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The cooling schedule indicates that the cooling system turns on when the zone tem-
perature exceeds 26°C and turns off when it reaches 26°C during cooling period. For 
the heating period the thermostat was set to 100°C thus cooling was ignored.  
6.4.4 Ventilation 
Ventilation rates are given by TOTEE20701/2017-1 for the conditioned spaces. For res-
idential and commercial uses/zones the values are 0.75m3/h/m2 and 3.08m3/h/m2 re-
spectively. Furthermore, ventilation had its schedule based on operation hours, thus 
residential and commercial uses/zones have different schedules which are shown in 
figure 31. 
 
Figure 31: Schedules of ventilation for residential and commercial uses/zones in EnergyPlus 
6.4.5 Infiltration 
According to the instructions from of the TOTEE20701/2017-1, the infiltration of the 
conditioned zones depends on the airtightness and the opening area. On the other 
hand, for unconditioned zones TOTEE20701/2017-1 provides special values depending 
on the existence of openings along with their airtightness. For the base-case scenario 
of the building the worst case from TOTEE20701/2017-1 was chosen, thus wooden 
frames without the EN 12207 certification, combined with single glazed windows or 
door, without any airtightness. Hence, the values for infiltration were 15.1m³/h/m² and 
11.8m³/h/m² for windows and doors respectively. Figure 32 reveals the schedule of 
infiltration used in EnergyPlus: 
 
Figure 32: Infiltration schedule in EnergyPlus 
6.4.6 Internal Gains 
Internal gains are heat gains which are generated in space and for this case within the 
building. The three types of internal gains are occupancy, lighting and equipment. 
Occupancy 
TOTEE20701/2017-1 provides information regarding the number of people per 100m2, 
their activity intensity and a presence coefficient, all of them depending on the type of 
thermal zone. The next table illustrates the above details concerning residential and 
commercial uses/zones: 
Table 22: Details concerning occupancy according to TOTEE20701/2017-1 
 Residential Commercial 
Number of People per m2 00.05 00.14 
Activity (Watts per person) 80.00 90.00 
Presence Coefficient 00.75 00.32 
 
The presence of people has already been determined by the presence coefficient. 
Therefore, schedule regarding people is active throughout the year and is illustrated in 
figure 33: 
 
Figure 33: People schedule in EnergyPlus 
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Lighting 
Internal gains due to artificial lighting are calculated by using the lights class in Ener-
gyPlus. As in the previous cases, the required data are provided by TOTEE20701/2017-
1 and concern the required lighting (lx= lm/m2) and the power for the minimum re-
quirements of energy (W/m2) for each type of zone. The following table shows the cor-
responding values for residential and commercial uses/zones: 
Table 23: Required lighting and power for the minimum requirements of energy for residential 
and commercial uses/zones according to TOTEE20701/2017-1 
 Residential Commercial 
Required Lighting  
(lx= lm/m2) 
200.0 500.0 
Power for the Minimum 




The lighting schedule follows the operating hours and is shown in figure below: 
 
Figure 34: Lighting schedules for residential and commercial uses/zones in EnergyPlus 
 
Equipment 
The last category of internal gains regards the building’s appliances. 
TOTEE20701/2017-1 provides information regarding the appliances’ power and the 
operation factor according to the thermal zone type. Both residential and commercial 
uses/zones have an appliances ‘power value of 2W/m2 but different operation factor 
(residential uses/zones have 0.32 and commercial uses/zones 0.75). As operating fac-
tor covers the usage of appliances through the year, the corresponding schedule co-
vers the whole year and is shown in figure 35: 
 
Figure 35: Schedule of equipment in EnergyPlus 
7 Results/Discussion 
The aim of this study was to examine the influence of the integration of various passive 
techniques on the heating and cooling demand of an existing multifamily building lo-
cated in Thessaloniki. In the previous chapter an analysis of the thermal zones was per-
formed. In addition, the geometry layout as well as all necessary calculations and 
schedules were presented in order to ensure safe simulation environment. Subse-
quently, all prerequisites are finalized thus the base-case scenario has been set up. Ac-
cording to the proposed methodology, six major interventions were examined which 
translate into six primary scenarios: 
1. Window replacement 
2. Thermal insulation 
3. Passive Trombe Wall  
4. Passive Sunspace 
5. Thermal Chimney 
6. Green facade 
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 Each of them includes various sub-scenarios in which several parameters were stud-
ied. In this chapter, the different scenarios along with their corresponding sub-
scenarios and their results are going to be analyzed. In addition, monthly heating and 
cooling demands of each sub-scenario can be found in appendix B. 
7.1 Scenario 0: Base-Case 
The base-case scenario of building refers to the building as was constructed and consti-
tutes the foundation of the project as all subsequent scenarios are based and com-
pared to it. Its main characteristics are described in the previous chapter. Figure 36 
shows the geometry of base-case scenario: 
    
    
Figure 36: South façade, north façade, top view and isometric projection view of base-case 
scenario in SketchUp 
 
In the following table and figure the first simulation results of the project are depicted 
regarding annual heating and cooling demand of the base-case scenario: 


















0 100603.1 36284.1 136887.2 159.9 
 
 
Figure 37: Annual cooling, heating and total heating and cooling demand of base-case scenario 
of the building 
Table 24 and figure 37 reveal that annual heating demand is almost triple compared to 
annual cooling demand for the base-case scenario. Additionally, the results reveal the 
exact time for heating and cooling demands’ peak. More specifically, 4th of July is the 
day when cooling demand is at its peak (42582.0 Watts at 16:00) while heating de-
mand’s peak is on 4th of February (59578.9 Watts at 07:40). For the two previously 
mentioned dates, the inside and outside south wall surface temperatures of the 3rd 












Annual Heating, Cooling and Total Demand 
of Base-case scenario 
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Figure 38: Outdoor Air Dry-bulb Temperature, Outside Surface and Inside Surface Tempera-
tures on 4th of February for Base-case scenario 
 
Figure 39: Outdoor Air Dry-bulb Temperature, Outside Surface and Inside Surface Tempera-
tures on 4th of July for Base-case scenario 
Figure 38 presents how the examined variety of temperatures fluctuates throughout 
4th of February. Outdoor air dry-bulb temperature is the lowest of the three, reaching 
its maximum at around 17:00, which is 7°C before decreasing again to nearly 0°C. From 
2:00 to 8:00, outdoor temperature is at its lowest levels and almost constant at -4°C. 
The outside surface temperature of the wall follows the same trend but with more ex-
treme fluctuations and at higher temperatures. Its maximum temperature can be ob-
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8:00 when temperature drops to around 6°C. Inside surface temperature is represent-
ed by a more stable line as the range of minimum and maximum is not so large. Inside 
surface temperature hits its bottom at 9:00 with 12.5°C and then begins to rise until 
18:00 when it peaks to around 30°C. Moving on to figure 39 which concerns 4th of July, 
it is revealed that outdoor temperature has the biggest variations, as it ranges between 
around 22°C at 5:00 and approximately 34°C at 14:00. Outside surface temperature 
follows the same pattern but in a more compact form as it fluctuates between almost 
26°C at 6:00 and nearly 34°C at 14:00. Once again, inside surface temperature is the 
steadiest, with temperatures variance from 27°C to almost 31°C. Finally, the outside 
surface temperature on 4th of February for the base-case scenario was compared with 
the corresponding temperatures of the passive Trombe wall and the passive sunspace 
in sub-chapters 7.4.2 and 7.5.2 respectively, as those techniques use the thermal stor-
age wall to transfer heat to the adjacent space. 
7.2 Scenario 1: Window Replacement  
The first series of interventions concern different types of glazing which are going to 
replace the clear single glazing, while also the sealing of openings which result in signif-
icant drop of infiltration rates. More precisely, infiltration rates are reduced from 
15.1m³/h/m² to 0.5m³/h/m² which is the lowest value of infiltration rates and corre-
spond to airtightness class 4 according to TOTEE20701/2017-1. This infiltration rate is 
applied to all sub-scenarios related to window replacement. The geometry of building 
remains the same. For convenience, each sub-scenario corresponds to a specific num-
ber. Table 25 shows the numbering of each sub-scenario along with a short descrip-
tion: 




1.1 Base-case scenario + clear double glazing + sealing of openings 
1.2 
Base-case scenario + double glazing with low-E coating + sealing of 
openings 
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1.3 
Base-case scenario + solar control double glazing low-E + sealing of 
openings 
1.4 
Base-case scenario + triple glazing with low-E coating + sealing of 
openings 
 
The attributes of each glazing type is shown in table 26 below: 
Table 26: Glazing characteristics based on their type according to European Solar Shading Da-
tabase 
Sub-Scenario 1.1 1.2 1.3 1.4 












U – Value (W/m2K) 2.90 1.20 1.10 0.80 
Solar Heat Gain Coef-
ficient 
0.75 0.59 0.32 0.55 
Visible Transmittance 0.82 0.80 0.44 0.73 
 
Annual simulation results regarding heating and cooling demand of the above sub-



























1.1 63428.2 35310.4 98738.6 115.3 
1.2 61379.4 33797.8 95177.3 111.2 
1.3 65675.9 31326.3 97002.2 113.3 
1.4 60682.4 33541.2 94223.6 110 
 
 
Figure 40: Annual heating, cooling and total demand of sub-scenarios 1.1 - 1.4 along with per-
centage change compared to base-case scenario 
As can be seen above, all glazing types provide around 30% (48.7kWh/m2) reduction of 
total heating and cooling demand when compared to base-case scenario with two of 
them just exceeding it; double glazing with low-E coating and triple glazing with low-E 
coating. From a cost-effective point of view double glazing low-E would be the most 















































Annual Heating, Cooling and Total Demand of Sub-Scenarios 1.1 - 
1.4 along with Percentage Change Compared to Base-case scenario 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Demand Change
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lower annual total demand (4.2kWh/m2) can cover the higher initial investment within 
short period. On the other hand, triple glazing with low-E coating costs almost double 
the double glazing low-E making it undesirable choice. Additionally, solar control dou-
ble glazing low-E offers the highest decrease in cooling demand, 13.7% (5.8kWh/m2), 
due to its low solar heat gain coefficient but at the same time this factor compromises 
the potential performance of heating demand reduction to 34.7% (40.8kWh/m2) which 
is the lowest heating decrease demand among the examined glazing types. This is due 
to the orientation of the openings and more specifically of those which are placed on 
the south façade. As the altitude angle of the sun is lower during winter, the south 
openings allow sun penetration into the building leading to more heat gains.  Hence, a 
lower solar heat gain coefficient results to lower solar heat gains and therefore higher 
heating demand.  
7.3 Scenario 2: Thermal Insulation 
The second intervention is about thermal insulation. Instructions according to 
TOTEE20701/2017-2 were followed in order to apply thermal insulation on the existing 
building. More specifically, the U-value limits of climatic zone C of Greece were taken 
into account. Appendix C shows the corresponding limits and the calculation procedure 
which led to the appropriate thermal insulation thickness. Hence, thermal insulation 
was added where is required according to the regulations. The insulation material 
which was chosen is rockwool and its characteristics can be seen in table 18: 
Table 28: Main characteristics of rockwool 
Material Rockwool 
Conductivity (W/mK) 0.035 
Density (kg/m3) 115 
Specific Heat (J.kgK) 840 
 
Parametric analysis of this scenario concerns the type of glazing used on the insulated 
building. The glazing types are those already used for scenario 1 and their attributes 
can be seen in tables 8 and 26. A brief description of sub-scenarios is illustrated in table 
29: 
Table 29: Brief description of each sub-scenario of scenario 2 
No. of  Sub-
Scenario 
Description 
2.1 base-case scenario + thermal insulation 
2.2 
base-case scenario + thermal insulation + clear double glazing + seal-
ing of openings 
2.3 
base-case scenario + thermal insulation + double glazing with low-E 
coating + sealing of openings 
2.4 
base-case scenario + thermal insulation + solar control double glaz-
ing low-E + sealing of openings 
2.5 
base-case scenario + thermal insulation + triple glazing with low-E 
coating + sealing of openings 
 
Annual simulation results regarding heating and cooling demand of sub-scenarios 2.1-
2.5 are shown in table 30 and figure 41 below: 


















2.1 30855.3 32736.8 63592.1 74.3 
2.2 2496.3 35276.3 37772.6 44.1 
2.3 930.6 33644.7 34575.3 40.4 
2.4 1656.7 29087.7 30744.4 35.9 
2.5 603.0 33475.7 34078.7 39.8 
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Figure 41: Annual heating, cooling and total demand of sub-scenarios of 2.1 - 2.5 along with 
percentage change compared to base-case scenario 
By incorporating sub-scenario 2.1, thus the application of thermal insulation, heating 
demand becomes lower than cooling demand. Thermal insulation alone seems to have 
a significant effect on reducing energy demand, especially heating which is minimized 
by 69.3% (81.5kWh/m2). All types of glazing reduce heating demand more than 97% 
(114kWh/m2) when combined with thermal insulation. Hence, according to the simula-
tion results appropriate thermal insulation along with any type of glazing, except clear 
single glazing seem to nearly eliminate heating demand. At this point, the infiltration’s 
importance must be highlighted.  Energy use in buildings is highly influenced by infiltra-
tion rates (M. W. Liddament, 1998) and their significance has been increasing recently 
due to the advances in building insulation and windows (Guiyuan Hana, 2015). More 
specifically, infiltration accounts for 25% and 4% of heating and cooling loads respec-
tively in newest buildings (Steven Emmerich, 1998). According to TOTEE 20701/2017-1, 
in order to calculate the energy performance of a building, only the infiltration rates 
due to the presence of cracks in the opening’s frames are taken into account. There-
fore, the infiltration that may exist due to other gaps in the building envelope is ne-
glected. In addition, the EnergyPlus software uses default infiltration rates which are 

















































Annual Heating, Cooling and Total Demand of Sub-Scenarios 2.1 - 
2.5 along with Percentage Change Compared to Base-case scenario 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
tegrate the driving mechanisms of infiltration and therefore to reflect the actual infil-
tration rates. (Guiyuan Hana, 2015). Returning to the simulation results, taking into ac-
count the above facts, it is safe to say that the simulation outputs underestimate the 
heating demand and so it cannot be eliminated by the integration of thermal insulation 
combined with windows replacement.  For these sub-scenarios the best option of glaz-
ing is solar control double glazing low-E as it is notably reducing the cooling demand by 
19.8% (8.4kWh/m2) while the rest glazing types reduce cooling demand by 9.8% 
(4.1kWh/m2) or less. Thus, building’s envelope and glazing type are interdepended as 
for scenario 1 series the best option of glazing was double glazing with low-E coating, 
while for scenario 2 series the best option changes to solar control double glazing low-
E . Hence, for the best-case sub-scenario, the same variables regarding temperatures 
as in base-case scenario were examined; outdoor air dry-bulb temperature, outside 
surface and inside surface temperatures on 4th of February and on 4th of July. The sub-
sequent figures reveal the results: 
 
Figure 42: Outdoor Air Dry-bulb Temperature, Outside Surface and Inside Surface Tempera-






















 Outdoor Air Dry-bulb Temperature, Outside Surface and Inside 
Surface Temperatures on 4th of February for Sub-Scenario 2.4 
Sub-Scenario 2.4 - 4th February - Inside surface
Outdoor - 4th February
Sub-Scenario 2.4 - 4th February -Outside surface
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Figure 43: Outdoor Air Dry-bulb Temperature, Outside Surface and Inside Surface Tempera-
tures on 4th of July for Sub-Scenario 2.4 
Figure 42 which is about 4th of February, reveals an almost constant inside surface 
temperature with values ranging from 21°C to 22°C. Furthermore, outside surface 
temperature diagram begins with low temperatures of around -4°C before rapidly in-
creasing to nearly 50°C at around 13:00. After 15:00 the temperature quickly decreases 
and from about 21:00 hours and onwards remains stable at around 2°C. Figure 43 
which shows the temperature flux on the 4th of July, demonstrates a similar trend, 
meaning a constant inside surface temperature, this time at 27°C and an extreme out-
side surface temperature which reaches 42°C. Inside surface temperature is even 
steadier than in February while outside surface temperature’s fluxes, despite following 
the same pattern, is more balanced. Therefore, thermal insulation allows for more sta-
ble inside surface temperature just above the set-point (26°C), while also blocks the 
heat from entering, leading to higher outside surface temperatures. 
7.4 Scenario 3: Passive Trombe Wall 
Scenario number 3 is about passive Trombe wall. As this kind of interventions modify 
the geometry of the existing building, specific restrictions from urban planning regula-
tions must be taken into account. More specifically, plot ratio and site coverage ratio 
must be checked when expanding a building. For this study, such regulations were not 




















 Outdoor Air Dry-bulb Temperature, Outside Surface and Inside 
Surface Temperatures on 4th of July for Sub-Scenario 2.4 
Sub-Scenario 2.4 - 4th July - Inside surface
Outdoor - 4th July
Sub-Scenario 2.4 - 4th July -Outside surface
fects while keeping in mind the feasibility of them. Additionally, no Trombe wall was 
attached on the ground floor due to the pavement’s accessibility issues. This scenario 
examines two versions of Trombe wall. The first concerns classic Trombe wall which 
means a glazing is added in front of the thermal storage wall. The south façade of the 
building integrates a lot of openings next to each other as can be seen in figure 36 thus 
offers a limited space for attaching a classic Trombe wall. On the other hand, the alter-
native version of Trombe not only introduces a glazing in front of the thermal storage 
wall but also in front of the existing openings along with the size of existing balconies.  
7.4.1 Classic Passive Trombe Wall 
     
 
Figure 44: Classic Trombe Wall design from front, isometric projection and closer view 
 
Figure 44 shows the design of a classic Trombe wall as was attached in the middle of 
the south façade between the two openings. It has to be noted that the same space is 
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used for the thermal chimney intervention, thus a comparison between the two is per-
formed to examine solutions within limited space. In order to receive more solar radia-
tion, the vertical part of the balcony in front of the Trombe wall has been removed. 
Instead, an overhang of 1.20m width has been added at the top of the Trombe wall on 
each floor so as to shade it during summer and allow sun penetration during winter. 
Moreover, the existing external wall of the building is used as a thermal storage wall as 
its materials (reinforced concrete and bricks) have high heat capacity. The only differ-
ence is the addition of a material on the outside layer of the wall namely tabor solar 
absorber which enhances the absorption of solar radiation. The characteristics of the 
newly added material can be seen in table 31 below: 
Table 31: Characteristics of tabor solar absorber 
Material Tabor solar absorber 
Conductivity (W/mK) 392.61 
Density (kg/m3) 8906.26 
Specific heat (J/kgK) 370.00 
Thermal absorptance 0.05 
Solar absorptance 0.85 
Visible absorptance 0.85 
 
 The simulation series begin with the addition of Trombe wall unventilated and shaded 
only by the overhang. The first parameters have to do with protection from overheat-
ing thus ventilation and interior shading is added. The interior shading attributes were 





Table 32: Interior shading attributes 
Type of shading Interior Shade 
Solar transmittance 0.1 
Solar reflectance 0.8 
Visible transmittance 0.2 
Visible reflectance 0.7 
Infrared hemispherical emissivity 0.9 
Infrared transmittance 0.05 
Thickness (m) 0.005 
Conductivity (W/mK) 0.06 
Shade to glass distance (m) 0.01 
 
Both ventilation and interior shading are active only during cooling period to offer pro-
tection from overheating. The next category of simulations concerns the width of 
Trombe wall, meaning the gap between thermal storage wall and outer glazing. Four 
different widths are examined in order to identify the trend of energy change; 0.1m, 
0.2m, 0.3m, 0.4m. Finally, the five previously mentioned glazing types are examined. 
The brief description of sub-scenarios is shown in table 33: 
Table 33: Brief description of each sub-scenario concerning classic Trombe wall 
No. of Sub-Scenario Description 
3.1 
base-case scenario + Trombe wall (unven-
tilated, unshaded, length = 0.1m, clear 
single glazing) 
3.2 
base-case scenario + Trombe wall (venti-
lated, unshaded, width = 0.1m, clear sin-
gle glazing) 
3.3 
base-case scenario + Trombe wall (venti-
lated, shaded, width = 0.1m, clear single 
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glazing) 
3.4 
base-case scenario + Trombe wall (venti-
lated, shaded, width = 0.2m, clear single 
glazing) 
3.5 
base-case scenario + Trombe wall (venti-
lated, shaded, width = 0.3m, clear single 
glazing) 
3.6 
base-case scenario + Trombe wall (venti-
lated, shaded, width = 0.4m, clear single 
glazing) 
3.7 
base-case scenario + Trombe wall (venti-
lated, shaded, width = 0.1m, clear double 
glazing) 
3.8 
base-case scenario + Trombe wall (venti-
lated, shaded, width = 0.1m, double glaz-
ing with low-E coating) 
3.9 
base-case scenario + Trombe wall (venti-
lated, shaded, width = 0.1m, solar control 
double glazing low-E) 
3.10 
base-case scenario + Trombe wall (venti-
lated, shaded, width = 0.1m, triple glazing 
with low-E coating) 
 
Annual simulation results regarding heating and cooling demand of the above sub-






















3.1 97237.0 37733.8 134970.7 157.6 
3.2 97237.8 37229.1 134466.8 157.0 
3.3 97239.2 36025.1 133264.4 155.6 
3.4 97562.6 35913.1 133475.7 155.9 
3.5 97844.7 35822.4 133667.1 156.1 
3.6 98144.0 35709.7 133853.8 156.3 
3.7 97317.3 36035.1 133352.4 155.7 
3.8 97544.1 36043.2 133587.3 156.0 
3.9 98679.9 35980.6 134660.5 157.3 
3.10 97551.2 36048.2 133599.4 156.0 
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Figure 45: Annual heating, cooling and total demand of sub-scenarios 3.1 – 3.10 along with 
percentage change compared to base-case scenario 
As can be seen from the above results, this kind of intervention with the specific char-
acteristics does not have the same impact on energy demand as the previously exam-
ined interventions as at its best-case sub-scenario (sub-scenario 3.3) reduces total en-
ergy demand by 2.6% (4.2kWh/m2). Moreover, ventilation and shading of the Trombe 
wall protect against overheating during the cooling period, leading to a slight reduction 
of both heating and cooling demand. In this case, clear single glazing seems to work 
better due to its high solar heat gain coefficient (0.85) despite its high U-value 
(5.9W/m2K). An interesting trend which is revealed through the above sub-scenarios is 
that the closer the glazing to the thermal storage wall, the more effective the interven-
tion is. In order to examine this pattern further, more variables and their behavior 
were examined such as the hourly inside and outside surface temperature of thermal 
storage wall and the hourly air temperature of the interior Trombe wall’s surface. The 
above variables were examined for a specific date, 4th of February, as during this date 
heating demand for base-case scenario reaches its peak. Furthermore, these variables 
were examined for a specific part of the building and particularly on 3rd floor at the in-


















































Annual Heating, Cooling and Total Demand of Sub-Scenarios 3.1 - 
3.10 along with Percentage Change Compared to Base-case 
scenario 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
 
Figure 46: Inside and outside temperature of thermal storage wall as well as air temperature 
inside Trombe wall of 3rd floor on 4th of February 
As can be seen in figure 46, the closer the glazing is placed to thermal storage wall, the 
higher the peak of temperatures as sub-scenario’s 3.3 temperatures are higher than 
other sub-scenarios in all three categories. Generally, outside surface temperatures are 
the highest and show large fluctuations with air temperature inside of Trombe wall fol-
lowing the same trend but at lower temperature levels. Inside surface temperatures 
are the most stable. Thermal storage wall works as heat transfer medium from outside 
to the inside of the building thus a time lag of around three hours between the peaks 
of outside surface temperature and inside surface temperature is observed. More spe-
cifically, outside surface temperature reaches its maximum around 15:00 while inside 























Time during 4th of February 
Inside and Outside Surface Temperature of Thermal 
Storage Wall and Air Temperature of Trombe Wall 
Scenario 3.3 Inside Surface Temperature Scenario 3.3 Outside Surface Temperature
Scenario 3.3 Air Temperature of Trombe Wall Scenario 3.4 Inside Surface Temperature
Scenario 3.4 Outside Surface Temperature Scenario 3.4 Air Temperature of Trombe Wall
Scenario 3.5 Inside Surface Temperature Scenario 3.5 Outside Surface Temperature
Scenario 3.5 Air Temperature of Trombe Wall Scenario 3.6 Inside Surface Temperature
Scenario 3.6 Outside Surface Temperature Scenario 3.6 Air Temperature of Trombe Wall
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results, as higher temperature of internal surfaces lead to lower heating demand mak-
ing sub-scenario 3.3 the most effective.  
7.4.2 Alternative Trombe Wall 
   
 
Figure 47: Alternative Trombe Wall design from front, isometric projection and closer view 
For this scenario, Trombe wall is attached across the existing balconies on the south 
facade of building. Of course this type of design needs to incorporate operable glazing 
in order to allow the use of balconies. As overheating protection measures and width 
were examined in classic Trombe wall scenario, they are integrated from the beginning 
on this intervention. Hence, Trombe wall is considered ventilated, shaded (table 32 
shows shading characteristics) and having width of 0.1m. The examined parameter is 
glazing type, for which the five previously mentioned types are considered. The brief 
description of sub-scenarios is shown in table 35: 
Table 35: Brief description of each sub-scenario concerning alternative Trombe wall 
No. of Sub-Scenario Description 
3.11 
base-case scenario + alternative Trombe 
wall (ventilated ,shaded, width = 0.1m, 
clear single glazing) 
3.12 
base-case scenario + alternative Trombe 
wall (ventilated, shaded, width = 0.1m, 
clear double glazing) 
3.13 
base-case scenario + alternative Trombe 
wall (ventilated, shaded,width = 0.1m, 
double glazing with low-E coating) 
3.14 
base-case scenario + alternative Trombe 
wall (ventilated, shaded, width = 0.1m, 
solar control double glazing low-E) 
3.15 
base-case scenario + alternative Trombe 
wall (ventilated, shaded, width = 0.1m,  
triple glazing with low-E coating) 
 
Annual simulation results regarding heating and cooling demand of the above sub-
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3.11 88300.9 31379.0 119679.9 139.8 
3.12 89729.5 31542.8 121272.3 141.6 
3.13 91478.7 31607.6 123086.3 143.7 
3.14 96877.3 31497.5 128374.8 149.9 
3.15 91640.0 31658.8 123298.8 144.0 
 
 
Figure 48: Annual heating, cooling and total demand of sub-scenarios 3.11 – 3.15 along with 
percentage change compared to base-case scenario 
Clear single glazing is the most suitable glazing type for this intervention and results to 
12.6% (20.1kWh/m2) reduction of total energy demand. Clear single glazing was also 
the most suitable glazing type for classic Trombe wall. This leads to the conclusion that 




















































Annual Heating, Cooling and Total Demand of Sub-Scenarios of 
3.11 - 3.15 along with Percentage Change Compared to Base-case 
scenario 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
Trombe wall. Therefore, solar control double glazing low-E gives the worst results as it 
has the lowest solar heat gain coefficient and reduces total demand by 6.2% 
(9.9kWh/m2). The percentage change of cooling demand, which is almost constant at -
13% (5.5kWh/2) for all sub-scenarios, derives from the interior shading devices which 
cover a large proportion of south façade during cooling period. Sub-Scenario 3.11 is the 
best-case sub-scenario regarding the Trombe wall leading to 12.2% (14.4kWh/m2) re-
duction in heating demand, 12.2% (5.7kWh/m2) reduction in cooling demand and 
12.6% (20.1kWh/m2) decrease in total demand respectively. Finally, the outside sur-
face temperature for the same part of wall on the south façade was examined for the 
best-case sub-scenarios of the classic Trombe wall and the alternative Trombe wall 
(3.3, 3.11) and compared to each other as well as to the base-case scenario: 
 
Figure 49: Outside Surface Temperature of South External Wall on 4th of February, for Base-
case scenario, Sub-scenario 3.3 and Sub-scenario 3.11 
Figure 49 reveals that the base-case scenario’s outside surface temperature is the low-
est with a peak of around 30°C at 15:00 as expected. On the other hand, when the 
Trombe wall was added, the temperature followed the same trend during the day but 
at a higher degree. More specifically, scenario’s 3.3 and 3.11 peaks are approximately 



















Time during 4th of February 
Outside Surface Temperature of South External Wall on 
4th of February, for Base-case Scenario, Sub-scenario 
3.3 and Sub-scenario 3.11 
Base-case scenario Sub-scenario 3.3 Sub-scenario 3.11
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age wall is transferred to the adjacent zone which explains the heating demand reduc-
tion. 
7.5 Scenario 4: Passive Sunspace 
Scenario 4 deals with the study of the passive sunspace. As this intervention is also an 
extension of the building like the Trombe wall, the same logic and rules concerning ur-
ban planning apply here. Two versions of sunspaces are studied; balcony-sunspace and 
extended sunspace. The former is created by adding glazing on the existing balconies 
and so creating an enclosed area while the latter integrates attached sunspace on the 
whole south façade of the building. 
7.5.1 Balcony-sunspace 
    
 
Figure 50: Balcony-sunspace design from front, isometric projection and closer view 
The visual representation of the balcony-sunspace can be seen in figure 50. The exam-
ined parameters are the same as in the case of classic Trombe wall, except for the 
width parameter as the balcony’s width is fixed. Another difference is that for the sun-
space no added material was used such tabor solar absorber which was used for 
Trombe wall intervention. Consequently, the thermal storage wall was used as it was 
built. A brief description of sub-scenarios is shown in table 37: 
Table 37: Brief description of each sub-scenario concerning balcony-sunspace 
No. of Sub-Scenario Description 
4.1 
Base-case scenario + balcony-sunspace 
(unventilated, unshaded, clear single glaz-
ing) 
4.2 
Base-case scenario + balcony-sunspace 
(ventilated, unshaded, clear single glazing) 
4.3 
Base-case scenario + balcony-sunspace 
(ventilated, shaded, clear single glazing) 
4.4 
Base-case scenario + balcony-sunspace 
(ventilated, shaded, clear double glazing) 
4.5 
Base-case scenario + balcony-sunspace 
(ventilated, shaded, double glazing  with 
low-E coating) 
4.6 
Base-case scenario + balcony-sunspace 
(ventilated, shaded, solar control double 
glazing low-E) 
4.7 
Base-case scenario + balcony-sunspace 
(ventilated, shaded, triple glazing with 
low-E coating) 
 
Annual simulation results regarding heating and cooling demand of the above sub-
scenarios are shown in the table 38 and figure 51 below: 
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4.1 93270.3 42509.1 135779.4 158.6 
4.2 93274.0 37970.3 131244.3 153.3 
4.3 93283.3 32391.9 125675.2 146.8 
4.4 93270.8 32645.7 125916.4 147.1 
4.5 94117.3 32533.9 126651.2 147.9 
4.6 98806.7 32565.5 131372.2 153.4 
4.7 94165.0 32529.0 126693.9 148.0 
 
 
Figure 51: Annual heating, cooling and total demand of sub-scenarios 4.1 – 4.7 along with per-
centage change compared to base-case scenario 
The results of the first three sub-scenarios (4.1 – 4.3) show the importance of protec-
tion from overheating. Without any protection the cooling demand rises by 17.2% 



















































Annual Heating, Cooling and Total Demand of Sub-Scenarios 4.1 - 
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by 4.6% (2kWh/m2) compared to the base-case scenario and by adding interior shading 
device it drops remarkably by 10.7% (4.5kWh/m2). Furthermore, solar control double 
glazing low-E type offers the least total demand reduction, 4% (6.4kWh/m2). Once 
again, very low solar heat gain coefficient of glazing becomes a liability when incorpo-
rated on passive solar techniques. Sub-Scenario 4.3, which incorporates clear single 
glazing, is the most effective. Hence, the best-case sub-scenario, 4.3, offers 7.3% 
(8.5kWh m2) heating demand reduction, 10.7% (4.5kWh m2) cooling demand reduction 
and 8.2% (13.1kWh/m2) total demand reduction. In order to further understand the 
thermal behavior of the balcony – sunspace, site outdoor air dry-bulb temperature is 
compared with the zone air temperature of the 3rd floor’s sunspace. More specifically, 
the previously mentioned temperatures are revealed for 4th of February and 4th of July, 
for the worst and best-case sub-scenarios; scenarios 4.1 and 4.3 respectively. Figure 52 
reveals the results: 
 
Figure 52: Outdoor Air Dry-bulb Temperature and Zone Air Temperature on 4th of February and 


























 Outdoor Air Drybulb Temperature and Zone Air Temperature on 
4th of February and July of Scenarios 4.1 and 4.3 
Outdoor - 4th February Outdoor - 4th July
Sub-Scenario 4.1 - 4th February Sub-Scenario 4.1 - 4th July
Sub-Scenario 4.3 - 4th February Sub-Scenario 4.3 - 4th July
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As can be seen in figure 52, the maximum outdoor air dry-bulb temperature on 4th of 
February is around 7°C. By adding balcony-sunspace the temperature inside of it is 
around 27°C meaning it is nearly fourfold. The air temperature of the zone for sub-
scenarios 4.1 and 4.3 on 4th of February are exactly the same, as their parameters are 
identical. What differentiates the 2 sub-scenarios is the ventilation and shading of sun-
space during cooling period. Figure 52 reveals that these two measures keep the air 
temperature of the zone nearly even with the outdoor temperature on 4th of July ex-
cept from the early morning hours, when the zone’s temperature is around 5°C higher 
than outdoors. In the contrary, without those measures (sub-scenario 4.1) the air zone 
temperature increases by at least 5°C and for some hours by 10°C, thus reaching al-
most 40°C at 15:00 hours. Hence, the large temperature difference between the air of 
sunspace and the outside air environment during 4th of February explain the reduced 
heating demand while the decreased zone air temperature during 4th of July reveals 








7.5.2 Extended Sunspace 
   
 
Figure 53: Extended sunspace design from front, isometric projection and closer view 
 
Extended sunspace is based on the balcony’s initial width (1.30m) therefore this factor 
is considered fix. The glazing extends across all over the façade (except for the ground 
floor due to the existence of pavement). Another difference compared to the balcony-
sunspace is that its facades do not include other materials rather than glazing, hence 
only floors and ceilings remain. As ventilation and interior shading have already been 
examined, they were considered as already integrated thus parametric analysis con-
cerns only the glazing type. The brief description of sub-scenarios is revealed in table 
39: 
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Table 39: Brief description of each sub-scenario regarding extended sunspace 
No. of Sub-Scenario Description 
4.8 
Base-case scenario + extended-sunspace 
(ventilated, shaded, clear single glazing) 
4.9 
Base-case scenario + extended-sunspace 
(ventilated, shaded, clear double glazing) 
4.10 
Base-case scenario + extended-sunspace 
(ventilated, shaded, double glazing with 
low-E coating) 
4.11 
Base-case scenario + extended-sunspace 
(ventilated, shaded, solar control double 
glazing low-E) 
4.12 
Base-case scenario + extended-sunspace 
(ventilated, shaded, triple glazing with 
low-E coating) 
 
Annual simulation results regarding heating and cooling demand of the above sub-
scenarios are shown in table 40 and figure 54 below: 


















4.8 85927.3 30861.7 116789.0 136.4 
4.9 84763.1 31185.3 115948.5 135.4 
4.10 84688.0 30711.0 115399.0 134.8 
4.11 93286.2 30765.5 124051.7 144.9 
4.12 84186.4 30649.8 114836.3 134.1 
 
 
Figure 54: Annual heating, cooling and total demand of sub-scenarios 4.8 – 4.12 along with 
percentage change compared to base-case scenario 
The above results indicate that the extended sunspace has nearly double the effect of 
the balcony-sunspace as its most effective sub-scenario reduces the total demand by 
around 16.1% (25.8kWh/m2) compared to 8.2% (13.1kWh/m2) of the best case balco-
ny-sunspace scenario. Four of the examined sub-scenarios, namely 4.8, 4.9, 4.10 and 
4.12, offer similar results regarding total energy demand decrease, 14.7% 
(23.5kWh/m2), 15.3% (24.5kWh/m2), 15.7% (25.1kWh/m2) and 16.1% (25.8kWh/m2) 
respectively. The single clear glazing type is around half the price per square meter 
compared to the cheapest (clear double glazing) of the rest glazing types, thus sub-
scenario 4.8 is considered the best-case. Sub-scenario 4.12, which is the most effective 
one, resulted in a 16.3% (19.2kWh/m2) and 15.5% (6.6 kWh/m2) heating and cooling 
demand reduction respectively while sub-scenario 4.3 which is the most effective sub-
scenario of balcony-sunspace, offered a 7.3% (8.5kWh/m2) heating demand reduction 
and 10.7% (4.5kWh/m2) cooling demand reduction. Therefore, the total energy de-
mand drop of extended-sunspace is nearly doubled compared to the one of balcony-
sunspace. It is worth noting that extended sunspace, despite being more impactful in 
terms of energy, from construction point of view is much harder to be achieved than 
balcony – sunspace. Hence, in terms of feasibility the balcony-sunspace scenario is 












































Annual Heating, Cooling and Total Demand of Sub-Scenarios 4.8 - 
4.12 along with Percentage Change Compared to Base-case 
scenario 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
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and compared with outdoor air temperature for 4th of February and 4th of July in order 
to understand the thermal behavior of the intervention. The results are shown below 
in figure 55: 
 
Figure 55: Outdoor Air Dry-bulb Temperature and Zone Air Temperature on 4th of February 
and July of Sub-Scenario 4.8 
Starting with the temperatures on 4th of July, results show that ventilation and interior 
shading are effective and keep the zone air temperature at the same levels with the 
outdoor air temperature except the early morning hours, thus they protect from over-
heating. The temperature rise on 4th of February in the extended sunspace is signifi-
cant; while outside air dry-bulb temperature reaches about 7°C at its peak, zone air 
temperature rapidly increases to more or less 37°C at the same time. Hence, the air 
zone temperature is approximately five times higher than the outdoor air temperature 
and approximately 11°C higher than the maximum temperature reached by the air in 
the balcony-sunspace.  Eventually, the outside surface temperature for the same part 
of wall on south façade was examined for the best-case sub-scenarios of the balcony-
sunspace and the extended sunspace (4.3, 4.8) and compared to each other as well as 


























 Outdoor Air Dry-bulb Temperature and Zone Air Temperature on 
4th of February and on 4th July of Sub-Scenario 4.8 
Outdoor - 4th February Outdoor - 4th July
Sub-Scenario 4.8 - 4th February Sub-Scenario 4.8 - 4th July
 
Figure 56: Outside Surface Temperature of South External Wall on 4th of February on 4th of 
February, for Base-case Scenario, Sub-scenario 4.3 and Sub-scenario 4.8 
As figure 56 demonstrates, the temperatures of the same part on the south external 
wall are increased compared to the base-case scenario when adding the sunspace. By 
incorporating the scenario 4.3 (best-case of balcony-sunspace), the thermal storage 
wall reaches 37.5°C at 15:00 while for scenario 4.8 the corresponding temperature is 
45.2°C. Hence the heating demand reduction due to the addition of sunspace is rea-
sonable. By comparing figure 56 to figure 49, it is revealed that the Trombe wall led to 
higher surface temperatures as it reaches 46.8°C and 51.2°C for sub-scenarios 3.3 and 
3.11 respectively. The balcony-sunspace scenario and the alternative Trombe wall sce-
nario cover the same area of the south façade and therefore they can be directly com-
pared; the former led to 8.2% (13.1kWh/m2) at its best-case while the latter to 12.6% 
(20.1kWh/m2) which can be explained by the higher temperatures that were devel-























Time during 4th of February 
Outside Surface Temperature of South External Wall on 
4th of February on 4th of February, for Base-case Scenario, 
Sub-scenario 4.3 and Sub-scenario 4.8 
  
Base-case scenario Sub-scenario 4.3 Sub-scenario 4.8
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7.6 Scenario 5: Thermal Chimney 
    
 
Figure 57: Thermal chimney design from front, isometric projection and closer view 
The 5th scenario refers to the attachment of the thermal chimney on the south façade 
of the building. Thermal chimney is not applied on the ground floor due to pedestrian 
accessibility issues. The space which thermal chimney covers on the south façade is the 
same as the one of a classic Trombe wall. Another feature which is similar to the Trom-
be wall scenario is the addition of tabor solar absorber as outside layer of the mass 
wall. Urban regulations must be examined in this scenario too, as in the Trombe wall 
and sunspace scenarios. Moreover, additional regulations must be studied, since the 
thermal chimney extends above the roof of the existing building. According to Long Shi 
et al. (2018) higher thermal chimney can lead to better performance thus the highest 
allowed height for the specific location should be chosen. Article 15 of regulation 
4067/2012 (NOK), states that for a plot ratio equal or above 2.4 the maximum allowed 
height is 32m. Subsequently, the limitation regarding the building’s ideal volumetric 
needs to be checked which can further reduce the allowed height. The previously men-
tioned regulation states that a construction must be inscribed in the ideal volumetric 
which is determined by the following: 
 On the plot’s front side: from the vertical surface which passes through the 
building line whose highest points are at a height of 1.5 P (P must be at least 
7.5m) from the respective points of the sidewalk curb. P is the distance from 
the building line to the opposite building line. 
 On the other sides of the plot: from vertical surfaces that cross the boundaries 
of the plot or from the limits of the distances imposed. 
In this study, 25m is the maximum allowed height thus the thermal chimney’s height is 
fixed at this limit. Unlike the previous scenarios, this one is not based on the base-case 
scenario but on the best performing sub-scenario of the thermal insulation interven-
tion. Hence, this scenario is compared to sub-scenario 2.4 instead of the base-case 
scenario. The reason for that is that thermal chimney utilizes outdoor air, thus compar-
ing it with the scenarios which consider sealed openings and therefore have minimal 
infiltration losses, gives a clearer image of its influence. Additionally, thermal chimney 
is a passive technique which primary targets cooling demand instead of heating. Thus, 
building upon the base-case scenario with almost triple heating demand compared to 
the cooling demand would not be reasonable. Even so, a sub-scenario (5.15) was ex-
amined where the best-case of thermal chimney is referenced to the base-case scenar-
io. Moving on, thermal chimney’s walls, ceiling and floor (reinforced concrete), are ini-
tially considered uninsulated except from the mass wall which is insulated. Further-
more, EnergyPlus requires a number of parameters as inputs for the dynamic simula-
tion; a schedule that determines the operational profile of the thermal chimney, width 
of the absorber wall, cross sectional areas of inlets and outlet, the positions of inlets on 
the mass wall, relative ratios of air flow rates and a discharge coefficient. Beginning 
with the schedule, this was designed to allow thermal chimney activation only when 
outdoor air temperature is below the setpoint temperature (26°C) of the cooling peri-
od and is inactive during heating period. The width of the absorber wall is considered 
as the maximum available width between the openings of the south façade and is 
equal to 1.79m. Moreover, the thermal chimney is considered to have an inlet at the 
top of the wall of each floor and a single outlet at the top of thermal chimney. Inlets 
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have an area of 0.5m2. For the outlet area, the first analysis refers to a 0.5m2 surface. 
Thereafter, follows a parametric analysis for a 1, 1.5 and 2m2 areas which is the maxi-
mum possible value, as the outlet is placed at the top thermal chimney.  The relative 
ratios of air flow rates are set at 0.2 as the thermal chimney is attached to 5 thermal 
zones. Finally, the discharge coefficient is set at 0.51 as Xinyu Zha et al. (2017) pro-
posed for real engineering projects. Therefore, the parametric analysis for this inter-
vention concerns the insulation of the thermal chimney, the cavity gap (distance be-
tween mass wall and glazing of thermal chimney), the glazing type, the addition of glaz-
ing on the east and west facades of the thermal chimney, the outlet area and the oper-
ating schedule. A brief description of the examined sub-scenarios can be seen in the 
table 41 below: 
Table 41: Brief description of each sub-scenario regarding thermal chimney 
No. of Sub-Scenario Description 
5.1 
Sub-Scenario 2.4 + Thermal Chimney (un-
insulated, single clear glazing, cavity gap = 
1.3m, south glazing) 
5.2 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, single clear glazing, cavity gap = 
1.3m, south glazing) 
5.3 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, single clear glazing, cavity gap = 
1m, south glazing) 
5.4 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, single clear glazing, cavity gap = 
0.5m, south glazing) 
5.5 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, double clear glazing, cavity gap = 
1.3m, south glazing) 
5.6 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, double glazing with low-E coating, 
cavity gap = 1.3m, south glazing) 
5.7 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, solar control double glazing low-
E, cavity gap = 1.3m, south glazing) 
5.8 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, triple glazing with low-E coating, 
cavity gap = 1.3m, south glazing) 
5.9 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, double clear glazing, cavity gap = 
1.3m, south-east glazing) 
5.10 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, double clear glazing, cavity gap = 
1.3m, south-west glazing) 
5.11 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, double clear glazing, cavity gap = 
1.3m, south glazing, outlet area = 1m2) 
5.12 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, double clear glazing, cavity gap = 
1.3m, south glazing, outlet area = 1.5m2) 
5.13 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, double clear glazing, cavity gap = 
1.3m, south glazing, outlet area = 2m2) 
5.14 
Sub-Scenario 2.4 + Thermal Chimney (in-
sulated, double clear glazing, cavity gap = 
1.3m, south glazing, outlet area = 2m2, 
operating during the whole cooling peri-
od) 
5.15 
Base-case scenario + Thermal Chimney 
(insulated, double clear glazing, cavity gap 
= 1.3m, south glazing, outlet area = 2m2) 
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The following figures show how the thermal chimney’s geometry changes for sub-
scenarios 5.9 and 5.10, where the east and west glazing is added respectively: 
  
Figure 58: Addition of glazing on east and west façade of thermal chimney 
The annual simulation results regarding the heating and cooling demand of the above 
sub-scenarios are shown in table 42: 
 
 


















5.1 1669.3 28081.2 29750.5 34.7 
5.2 1641.4 27244.6 28886.0 33.7 
5.3 1615.0 27616.7 29231.7 34.1 
5.4 1563.9 28201.6 29765.4 34.8 
5.5 1634.3 26421.4 28055.8 32.8 
5.6 1621.4 26258.3 27879.7 32.6 
5.7 1690.0 27088.9 28778.9 33.6 
5.8 1612.3 26196.4 27808.7 32.5 
5.9 1631.2 26985.2 28616.4 33.4 
5.10 1629.0 26973.3 28602.4 33.4 
5.11 1634.4 25024.2 26658.6 31.1 
5.12 1634.5 24225.0 25859.5 30.2 
5.13 1634.5 23707.4 25342.0 29.6 
5.14 1634.5 27987.8 29622.3 34.6 
5.15 100785.3 31457.1 132242.4 154.4 
 
The following figure depicts sub-scenarios 5.1 – 5.14, leaving out sub-scenario 5.15 
(combination of the thermal chimney and the base-case scenario). 
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Figure 59: Annual Heating, Cooling and Total Demand of Sub-Scenarios 5.1- 5.14 along with 
Percentage Change Compared to Sub-Scenario 2.4 
The simulations begin with sub-scenario 5.1 which is described in table 41. The initial 
form of the thermal chimney seems to have a minor effect on the energy demand of 
the building as it reduces total cooling and heating demand by 3.2% (1.2kWh/m2). The 
next sub-scenario examines the addition of thermal insulation on the construction el-
ements of the thermal chimney and the results reveal an enhanced performance. More 
specifically, the total energy demand reduction increases to 6% (2.2kWh/m2), nearly 
double as much as the initial form. Sub-scenarios 5.3 and 5.4 examine the cavity gap 
width with the outcome showing that a higher cavity gap strengthens the effect of the 
thermal chimney, at least until 1.3m which corresponds with the balconies’ length for 
practical reasons; this is considered as the limit of cavity gap’s length in this scenario 
due to the national urban planning regulations. As the cavity gap width drops heating 
demand decreases while cooling demand shows an upward trend which is more in-
tense than the heating change, thus the results are negative. The next four sub-
scenarios (5.5 – 5.8) refer to the glazing type of the thermal chimney with the previous-
ly mentioned glazing types re-examined. The single clear glazing and solar control dou-
ble glazing low-E demonstrate the worst results with 6% (2.2kWh/m2) and 6.3% 
(2.3kWh/m2) total energy demand reduction respectively while the other three types 
of glazing (double clear glazing, double glazing with low-E coating and triple glazing 
















































Annual Heating, Cooling and Total Demand of Sub-Scenarios  5.1- 
5.14 along with Percentage Change Compared to Sub-Scenario 2.4 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
(3.3kWh/m2) and 9.5% (3.4kWh/m2) respectively. The results are close, thus double 
clear glazing (sub-scenario 5.5) is chosen as the most suitable due to its cost-
effectiveness advantage as double glazing with low-E coating and triple glazing with 
low-E coating are approximately 30% and 60% more expensive respectively. Moving on 
to sub-scenarios 5.9 and 5.10 (addition of another glazed façade on the east and west 
sides of the thermal chimney), the calculations reveals a negative impact, since they 
lead to a total reduction of around 7% (2.5kWh/m2), hence lower than sub-scenario’s 
5.5 (8.7%). The next examined parameter of the thermal chimney, outlet area, is also 
crucial; the larger it gets (reaching a maximum of 2m2 surface where the limit has been 
set), the greater the total demand reduction. Outlet surfaces of 1, 1.5 and 2m2 offer 
13.3% (4.8kWh/m2), 15.9% (5.7kWh/m2) and 17.6% (6.3kWh/m2) total demand reduc-
tion respectively. The last sub-scenario, 5.14, considers sub-scenario 5.13 which is the 
most effective leading to a 17.6% total demand reduction, with an alternative sched-
ule; the thermal chimney operates during the whole cooling period instead of operat-
ing whenever outdoor air dry-bulb temperature is below 26°C. This leads in a notewor-
thy drop of the thermal chimney performance, as the 17.6% total demand reduction 
drops further to 3.6% (1.3kWh/m2). The drop in the performance is due to the fact that 
cooling period is characterized by high outdoor temperatures, especially during sum-
mer, and as thermal chimney utilizes outdoor air, the air’s temperature entering the 
building is not at the desired levels. The next figure demonstrates the outdoor air dry-
bulb temperature on 4th of July and at what time during the day the temperature is 
suitable for the use of thermal chimney: 
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Figure 60: Outdoor Air Dry-bulb Temperature on 4th of July 
As can be seen in figure 60, the outdoor air dry-bulb temperature is suitable only until 
10:00 when it is below 26°C. If the thermal chimney continues to operate during the 
next couple of hours, then the air entering the building would be above the thermostat 
setpoint (26°C). Another important outcome is that the thermal chimney mostly affects 
the cooling demand as it is inactive during the heating period and operates as the pre-
viously examined intervention (classic passive Trombe wall) (figure 44). The maximum 
decrease in the heating demand can be observed in sub-scenario 5.4 and is only 5.6% 
(0.1kWh/m2). Hence, the cooling demand line change fluctuates the same way as the 
total demand change. It is worth mentioning that thermal chimney is more effective 
during the transition months (May, September) as outdoor air dry-bulb temperature is 























 Outdoor Air Dry-bulb Temperature on 4th of July  
Temperatures below 26°C Outdoor air dry-bulb temperature
 
Figure 61: Monthly Heating and Cooling Demand of Sub-Scenario 2.4 and Sub-Scenario 5.13 
along with their percentage change 
Figure 61 reveals how cooling demand changes when incorporating thermal chimney 
on the building at its best-case sub-scenario. More precisely, cooling demand decreas-
es for all five months of cooling period by 47.2% (1.4kWh/m2),  19.3% (1.2kWh/m2), 
8.0% (0.7kWh/m2), 8.9% (0.8kWh/m2) and 32.9% (2.1kWh/m2) for May, June, July, Au-
gust and September respectively. The thermal chimney has minor influence during July 
and August which are the months with the highest outdoor air dry-bulb temperatures 
followed by June, September and May where great cooling demand reduction is no-
ticed; nearly half of the one of sub-scenario 2.4. Finally, in order to further understand 
the thermal behavior of this passive technique, the hourly total air mass flow rate 
(kg/s) of sub-scenario 5.13 was examined for 4th of July and 4th of May and is described 



































Monthly Heating and Cooling Demand of Sub-Scenario 2.4 and 
Sub-Scenario 5.13 along with their Percentage Change 
 
Cooling Demand Sub-Scenario 2.4
Cooling Demand Sub-Scenario 5.13
Heating Demand Sub-Scenario 2.4
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Figure 62: Outdoor Air Dry-bulb Temperature and Thermal Chimney Mass Flow Rate on 4th of 
May and 4th of July for Sub-Scenario 5.13 
Figure 62 reveals the complex operation of the thermal chimney as it uses solar radia-
tion in order to function but requires temperatures below 26°C. On 4th of July the 
thermal chimney operates from 1:00 to 10:00, stops for 13 hours and then starts again 
at 23:00 resulting in around 0.6 kg/s mass flow rate for all hours. As can be seen from 
10:00 to 23:00 outdoor air dry-bulb temperature is above the limit of 26°C thus the 
thermal chimney cannot utilize the solar radiation during these hours. At 23:00 and 
during morning hours, even without any solar radiation, the thermal chimney operates 
as heat was stored during the previous hours and therefore stack effect is still effec-
tive. The maximum solar radiation is observed after 10:00 and from this specific time 
and for 13 hours thermal chimney is inactive due to high outdoor temperature. Hence, 
the thermal chimney loses a large proportion of its potential. On the contrary, on 4th of 
May the thermal chimney operates from 8:00 to 21:00. It has the potential to operate 
the whole day as the outdoor temperature is below 26°C throughout the day, but the 
stored heat is only enough to activate stack effect until 21:00. The mass flow rate 
caused by the thermal chimney is not constant as on the 4th of July; it rapidly increases 
from 9:00 until 13:00 when it reaches its maximum, almost 1.1 kg/s and then steeply 



















































 Outdoor Air Dry-bulb Temperature and Thermal Chimney Mass 
Flow Rate on 4th of May and 4th of July for Sub-Scenario 5.13 
Mass Flow Rate - 4th May Mass flow Rate - 4th July
Outdoor - 4th July Outdoor - 4th May
chimney is more efficient during the months of the cooling period which feature lower 
daily outdoor air dry-bulb temperatures. Figure 63 reveals the annual simulation re-
sults regarding the last sub-scenario (5.15):  
 
Figure 63: Annual Heating, Cooling and Total Demand of Base-case scenario and Sub-Scenario 
5.15 along with their Percentage Change 
Figure 63 shows that by integrating the same thermal chimney as in the sub-scenario 
5.13 which was considered as the best-case of all sub-scenarios, the total energy de-
mand is reduced by 3.4% (5.4kWh/m2) while its corresponding category of sub-
scenario 5.13 was reduced by 17.6% (6.3kWh/m2) meaning that the same technique is 
14% (0.9kWh/m2) more effective when integrated on sub-scenario 5.13. Furthermore, 
heating demand marginally increased by 0.18% (0.2kWh/m2) despite the ‘Trombe wall’ 












































Annual Heating, Cooling and Total Demand of Base-case scenario 
and Sub-Scenario 5.15 along with their Percentage Change 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
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7.7 Scenario 6: Green façade 
   
Figure 64: Green façade addition from front view and isometric projection 
The final scenario is about green façade addition on the south façade of the existing 
building. EnergyPlus version 8.7 contains a specific object, namely ‘Materi-
al:Roofvegetation’, which can estimate the energy performance of green roof while is 
missing a simulation object for green walls. Therefore, a simplified method was chosen 
to simulate the thermal behavior of green façade and is that of shading device. Shading 
devices are objects used in EnergyPlus to describe elements such as trees, high fences, 
near-by hills, and neighboring buildings. The user can determine their solar transmit-
tance by choosing a value from 0 to 1 (0 indicates opaque surface, 1 transparent sur-
face (LABORATORY, 2016). According to Gabriel Pérez et al (2011), green vertical sys-
tems offer passive energy savings by four primary mechanisms; blocking solar radiation 
due to the shadow of vegetation, providing thermal insulation by vegetation and sub-
strate, offering evaporative cooling due to evapotranspiration of vegetation and sub-
strate as well as blocking the wind. As shading devices can simulate only one of the 
four mechanisms, the shading of the building due to the solar radiation, the simplest 
form of green wall was chosen for this scenario, meaning green façade. The climbing 
plant which was chosen is called Boston Ivy (Parthenocissus tricuspidata) which is a de-
ciduous specie and does not require any supportive structure (Gabriel Pérez J. C., 2014) 
neither a special irrigation system as it grows from the ground soil bed (Papadopoulou, 
2013). The following table demonstrates the monthly solar transmittance values which 
were set in the EnergyPlus software: 
 
Table 43: Monthly solar transmittance values of green facade 
Month JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Solar transmittance 0.9 0.9 0.8 0.6 0.4 0.1 0.1 0.1 0.2 0.4 0.6 0.9 
 
 The green façade is examined when added to two previously examined sub-scenarios; 
base-case scenario and sub-scenario 2.4. The reason is to observe its behavior not only 
when added on the base-case scenario but also to the best of the thermal insulation 
sub-scenarios in which cooling demand is the main concern. The description of sub-
scenarios can be seen in table 44: 
Table 44: Brief description of each sub-scenario regarding green façade 
No. of Sub-Scenario Description 
6.1 base-case scenario + green façade 
6.2 
base-case scenario + thermal insulation + 
solar control double glazing low-E + win-
dow frames+ green façade  
 
Annual simulation results regarding heating and cooling demand of the above sub-
scenarios are shown in table 45 and figure 65 below: 


















6.1 110516.3 26110.9 136627.2 159.6 
6.2 2222.3 26314.7 28537.0 33.3 
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Figure 65: Annual Heating, Cooling and Total Demand of Sub-Scenarios 6.1 and 6.2 along with 
Percentage Change Compared to Base-case scenario and Sub-Scenario 2.4 respectively 
The above results reveal that green façades generally reduce the cooling demand and 
increase the heating demand. Beginning with sub-scenario 6.1, the above data indicate 
that adding green façade on the existing building remarkably lessens cooling demand 
by 28% (11.9kWh/m2) but increases heating demand by 9.9% (11.6kWh/m2) simulta-
neously. Consequently, total energy demand change is negligible. The results differ 
when the green façade is added on the thermally insulated building where cooling de-
mand is the main concern. In this case, heating demand percentage change is remark-
able, reaching 34.1% (0.7kWh/m2), but the large percentage has to do with the very 
low heating demand of sub-scenario 2.4 (1.9kWh/m2). On the other hand, the cooling 
demand is minimized by 9.5% (3.2kWh/m2) leading to a total energy demand decrease 
by 7.2% (2.58kWh/m2).  
7.8 Comparison of Sub-Scenarios 
In this section, the sub-scenarios are divided into two categories; the first one concerns 
sub-scenarios to which only a single intervention was added on the base-case scenario 
(e.g. base-case scenario + green façade) while the second is about the addition of a 





















































Annual Heating, Cooling and Total Demand of Scenarios 6.1 and 6.2 
along with Percentage Change Compared to Base-case scenario 
and Scenario 2.4 respectively 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
insulation + window replacement + green façade). The comparison concerns total heat-
ing and cooling demand per conditioned building area. The best-case sub-scenario of 
each scenario for each of the two categories was selected in order to compare them 
with each other. It is noted that for scenarios which are composed by two parts (e.g. 
balcony-sunspace, extended-sunspace) two best-cases were selected, one for each 
part. Table 46 shows the sub-scenarios which are involved in the comparison section 
while figure 66 demonstrates a graph flow-chart regarding their correlations: 
Table 46: Best-case sub-scenarios along with their total heating and cooling demand per condi-
tioned building area divided into single intervention and combined interventions groups 
Single Intervention Combined Interventions 
Sub-Scenario 











1.2 111.2 2.4 35.9 
2.1 74.3 5.13 29.6 
3.3 155.6 6.2 33.3 
3.11 139.8 - - 
4.3 146.8 - - 
4.8 136.4 - - 
5.15 154.4 - - 































































        Scenario 
        Single-intervention best-case sub-scenario 
        Component of combined sub-scenario while not being a best–case 
  Combined intervention sub-scenario 
         
Figure 66: Graph flow-chart of best-case sub-scenarios 
The following figures illustrate the results of the comparison between the above sub-
scenarios:   
 
Figure 67: Annual Heating, Cooling and Total Demand of Single Intervention Sub-Scenarios 























































Annual Heating, Cooling and Total Demand of Single Intervention 
Sub-Scenarios along with Percentage Change Compared Base-case 
scenario 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
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Figure 68: Annual Heating, Cooling and Total Demand of Combined Interventions Sub-
Scenarios along with Percentage Change Compared Base-case scenario 
As figure 67 demonstrates, sub-scenario 6.1 (base-case scenario + green façade) is the 
least effective followed by sub-scenario 3.3 (base-case scenario + Trombe wall; venti-
lated, shaded, width = 0.1m, clear single glazing). Sub-scenarios 3.3 and 5.15 which uti-
lize the same space of on the façade but are different passive techniques, the classic 
Trombe wall and the thermal chimney, show similar results with thermal chimney be-
ing slightly more effective. The previously mentioned sub-scenarios are not so fruitful 
in reducing heating and cooling demand as the most effective between them provide 
just above 3% while the rest of passive techniques are more helpful as can be seen in 
figure 67. The most efficient scenario by far is sub-scenario 2.1 (base-case scenario + 
thermal insulation) by far as it reduces the total energy demand by almost 55%. Sub-
scenario 1.2 (base-case scenario + double glazing with low-E coating + sealing of open-
ings) follows, leading to approximately 30% total energy reduction. Between the most 
and less efficient sub-scenarios, sub-scenarios 4.3 (base-case scenario + balcony-
sunspace; ventilated, shaded, clear single glazing), 3.11 (base-case scenario + alterna-
tive Trombe wall) and 4.8 (base-case scenario + extended-sunspace; ventilated, shad-























































Annual Heating, Cooling and Total Demand of Combined 
Interventions Sub-Scenarios along with Percentage Change 
Compared Base-case scenario 
Cooling Demand Heating Demand
Total Heating and Cooling Demand Heating Demand Change
Cooling Demand Change Total Heating and Cooling Demand Change
duction respectively. Finally, it becomes clear that cooling techniques like the green 
façade and the thermal chimney are not so beneficial when combined with the base-
case scenario, which has almost triple heating demand than cooling. Moving on to fig-
ure 68, illustrating the combined passive techniques, it is obvious that the total energy 
demand is substantially lower as heating demand is almost eliminated due to scenario 
2.4 (base-case scenario + thermal insulation + solar control double glazing low-E + seal-
ing of openings) which is the base of the other two combined sub-scenarios. Cooling 
demand is higher than heating, thus green façade and thermal chimney become more 
useful. Between those two, sub-scenario 5.13 (Sub-Scenario 2.4 + Thermal Chimney; 
insulated, double clear glazing, cavity gap = 1.3m, south glazing, outlet area = 2m2) is 
the most effective, as it reduces both the heating and cooling demand most. More pre-
cisely, sub-scenario 6.2 (base-case scenario + thermal insulation + solar control double 
glazing low-E + window frames+ green façade) increases heating demand, since it is 
studied as a shading object.  
8 Conclusions 
In this study, six passive techniques were studied, in order to assess their effectiveness 
in terms of cooling and heating demand reduction. These techniques were applied to a 
typical existing multi-family building which was constructed in 1980 and is located in 
the city center of Thessaloniki in Greece. The assessment was performed by studying 
and comparing the simulations’ outputs which were generated with the EnergyPlus 
software. The cost-effectiveness aspect was only taken into account for the glazing 
type parameter. Six scenarios (one for each main passive technique) were examined; 
window replacement, thermal insulation, passive Trombe wall, passive sunspace, 
thermal chimney and green façade. A parametric analysis was performed for each sce-
nario resulting in a total of 53 sub-scenarios. Some of the examined passive techniques 
were combined, thus the passive techniques can be divided to two categories; single 
interventions and combined interventions. 
Scenario 0 (base-case scenario) refers to the building as constructed and consists the 
foundation of the study upon which the six primary interventions are based and com-
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pared to. The EnergyPlus outputs showed a total heating and cooling demand of 
159.9kWh/m2 with the heating demand being nearly three times higher than the cool-
ing demand. Moreover, the results demonstrated the dates for the heating and cooling 
demand peaks namely 4th of February and 4th of July respectively. 
Scenario 1 refers to the window replacement and examined the introduction of four 
glazing types along with the sealing of cracks and openings; clear double glazing, dou-
ble glazing with low-E coating, solar control double glazing low-E and triple glazing with 
low-E coating. This type of intervention led to approximately 30% (48.7kWh/m2) of to-
tal heating and cooling demand reduction, whilst the most energy efficient glazing type 
is the double glazing with low-E coating (sub-scenario 1.2). The large energy reduction 
is due to two factors; the high initial infiltration rates (15.1m³/h/m²) and the high initial 
U-values of glazing (5.8W/m2K) both of which are replaced by lower values according 
to TOTEE 20701/2017-1. The best-case of scenario 1 was found to be the second most 
effective single-intervention sub-scenario. 
Scenario 2 (thermal insulation) was the most effective single-intervention sub-scenario 
(sub-scenario 2.1) as the results revealed a 54% (85.6kWh/m2) reduction in total heat-
ing and cooling demand. The reduction in heating demand was remarkable as it 
reached nearly 70% (81.5kWh/m2). The reason is the initially uninsulated building 
which has elements with high U-values (sub-chapter 6.3.1) that were retrofitted ac-
cording to the national Regulations (TOTEE20701/2017-2). It is worth noting that these 
regulations state that all structural elements of a building which are in contact with ad-
jacent buildings are considered as in contact with the outside air when calculating the 
thermal insulation requirements. Therefore, thermal insulation is implemented on all 
facades of the building’s envelope, although the building is constructed in a raw-
system. The rest of the sub-scenarios of scenario 2 examined the application of ther-
mal insulation along with window replacement. The results revealed a significant re-
duction of the energy demand, especially for the heating demand which was reduced 
by more than 97% (114kWh/m2). As explained in sub-chapter 7.2, the scenarios which 
contain minimized infiltration rates are overestimating its effect. Furthermore, the 
thermal insulation along with window replacement led to steadier inside surface tem-
peratures (of the south wall) just above the thermostat setpoint which is 20°C and 26°C 
for the heating and cooling periods respectively. Eventually, the construction elements 
must be studied in order to select the most effective glazing type as for the uninsulated 
state of building the most suitable choice would be double glazing low-E while for sce-
nario 2 the solar control double glazing low-E. 
Scenario 3 was about integrating two different types of Trombe wall, a classic Trombe 
wall and an alternative Trombe wall, on the south façade of the existing building. The 
former had minimal effect on the energy performance of the existing building as at its 
best-case sub-scenario (sub-scenario 3.3) reduces the total energy demand by 2.6% 
(4.2kWh/m2). The latter led to a 12.6% (20.1kWh/m2) reduction (sub-scenario 3.11) 
which is nearly five times higher than the one of the classic’s Trombe wall. Trombe’s 
wall effect is enhanced as alternative’s Trombe wall surface is 4.5 times larger than 
classic’s Trombe wall. The results revealed that the ventilation and the shading of 
Trombe wall are necessary to protect the building from overheating. Another im-
portant conclusion is that the outside surface temperature of the south external wall 
was higher compared to base-case when incorporating the Trombe wall. More specifi-
cally, the closer the glazing element of the Trombe wall to the thermal storage wall, 
the higher the temperature of the outside surface of the wall and subsequently the in-
tervention becomes more effective. It is worth noting that the most suitable glazing 
was proved to be the clear single glazing. 
The next scenario, scenario 4, concerns two types of sunspaces; a balcony-sunspace 
and an extended sunspace. The same measures for protection from overheating were 
applied and found to be effective as in Trombe wall scenarios. The best-case sub-
scenario of balcony-sunspace (sub-scenario 4.3), which utilizes clear single glazing, led 
to 8.2% (13.1kWh/m2) total demand reduction. On 4th of February, the temperature 
inside of balcony-sunspace is almost fourfold the outside dry-bulb temperature. The 
second type of this intervention, extended sunspace, had nearly double the effect of 
the balcony-sunspace as its most effective sub-scenario (sub-scenario 4.12) reduces 
the total demand by around 16.1% (25.8kWh/m2). Despite 4.12 being the most effec-
tive sub-scenario, it was not selected as the best-case one, due to the triple’s glazing 
expensiveness. Instead, the single clear glazing was once more selected as the most 
suitable, which resulted in a 14.7% (23.5kWh/m2) total heating and cooling demand 
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decrease. The air temperature inside the extended sunspace was approximately five-
fold the outdoor air temperature and around 11°C higher than the maximum tempera-
ture which air in balcony-sunspace reached. Moreover, the outside surface tempera-
tures of the south external wall were higher than the base-case scenario’s but lower 
than the Trombe wall’s best-case sub-scenarios. The balcony-sunspace scenario and 
the alternative Trombe wall scenario cover the same area of the south façade and 
therefore they can be directly compared. The higher temperatures on the outside sur-
face of the south wall which were developed due to the alternative Trombe wall led to 
4.4% (7kWh/m2) higher reduction than that of the balcony-sunspace.  
Scenario 5 referred to the addition of the thermal chimney on the south façade of the 
building. The parametric analysis of this scenario was based on the best performing 
sub-scenario of the thermal insulation intervention (sub-scenario 2.4). Hence, it is con-
sidered a combined intervention. Subsequently, the thermal chimney of the most ef-
fective sub-scenario was integrated to the base-case scenario (single-intervention). The 
parameters which were found to enhance the performance of thermal chimney are the 
following: 
 The addition of thermal insulation on the building elements of thermal chimney  
 A higher cavity gap (until 1.3m which was the limit) 
 The use of double clear glazing  
 A design without glazing on the east and west walls of thermal chimney 
 A larger outlet area (until 2m2 which was the limit) 
 A schedule which enabled thermal chimney to operate only when outdoor dry-
bulb was lower than 26°C 
 The sub-scenario 5.13 which led to a 17.6% (6.3kWh/m2) total heating and cooling 
demand reduction was the best-case sub-scenario. Moreover, the thermal chimney 
was more effective during the transition months (May, September) when the outdoor 
dry-bulb temperatures favored its operation. Figure 62 revealed the complex operation 
of the thermal chimney; it requires solar radiation in order to start operating but lower 
outdoor dry-bulb temperature than 26°C to keep working. Even without solar radia-
tion, thermal chimney could still operate for hours due to the stored heat which kept 
the stack effect activated. Furthermore, when the best-case sub-scenario was integrat-
ed on the base-case scenario instead of sub-scenario 2.4, the total energy demand was 
reduced by 5.4kWh/m2. Hence the intervention was 14% (0.9kWh/m2) less effective 
than when it was applied on sub-scenario 2.4.  On the one hand, adding the thermal 
chimney on the base-case scenario, in which the heating demand is by far higher than 
the cooling demand, is not beneficial. On the other hand, when it was added on the 
thermally insulated scenario, it reduced the cooling demand by 18.5% (6.3kWh/m2) 
and, as the highest demand was cooling, the intervention is considered more effective. 
Finally, the sub-scenario 5.13 was the most effective combined sub-scenario in this 
study. 
The last scenario, scenario 6, dealt with the study of green façade which was simulated 
as a building shading device. More specifically, a deciduous climbing plant was select-
ed, namely Boston Ivy (Parthenocissus Triscuspidata). The results showed that the 
green façade reduced the cooling demand but increased the heating demand at the 
same time. Sub-scenario 6.1 which is about adding green façade on the base-case sce-
nario revealed no significant change in the total heating and cooling demand. Contrari-
ly, when the green facade was added on scenario 2.4 the total heating and cooling de-
mand were decreased by 7.2% (2.58kWh/m2). Not a lot of conclusions can be derived 
from scenario 6 as by simulating the green façade as a building shading device, the 
thermal insulation by vegetation and substrate, the evaporative cooling due to evapo-
transpiration of vegetation and substrate as well as the block of the wind were ne-
glected. 
This study compared the effect demand of various passive techniques on heating and 
cooling on an existing multi-family building using the EnergyPlus software. Overall, 
thermal insulation along with the window replacement demonstrated the best results 
concerning energy efficiency. The passive techniques which were intended to reduce 
mainly cooling demand (green façade, thermal chimney) showed minimal effect when 
applied on the building as it was constructed while their influence was enhanced when 
the building was thermally insulated. Moreover, the clear single glazing was identified 
as the most suitable choice for all the solar passive techniques except the thermal 
chimney when taking into account the cost-effectiveness of the different glazing types. 
To conclude, by choosing the right passive techniques both heating and cooling de-
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mand can be reduced significantly. Such actions are both aligned with the NECP’s ob-
jectives and the goal of increasing NZEB in Greece. Further examination could be per-
formed regarding the cost-effectiveness of the passive techniques by taking into ac-
count all the costs associated, the issues related with the new construction code as 
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10 Appendices 
10.1 Appendix A: Calculations According To TOTEE 20701/2017-1 
 





0 Shop_South_Left Z0A SHOP 25.7 Unconditioned Unheated - - - -
0 Shop_North_Left Z0B SHOP 25.7 Unconditioned Unheated - - - -
0 Entrance_Stairs Z0C SHOP 37.6 Unconditioned Unheated - - - -
0 Shop_South_Right Z0E SHOP 25.4 Unconditioned Unheated - - - -
0 Shop_North_Right Z0F SHOP 25.4 Unconditioned Unheated - - - -
0 Circulation_area Z0D SHOP 4.1 Unconditioned Unheated - - - -
0 Stairs Z0G SHOP 19.2 Unconditioned Unheated - - - -
1 Shop_South_Left Z1A SHOP 25.7 Conditioned 20/26 35/45 0.14 0.32 0.0448
1 Shop_North_Left Z1B SHOP 25.7 Conditioned 20/26 35/45 0.14 0.32 0.0448
1 Entrance_Stairs Z1C SHOP 37.6 Unconditioned Unheated - - - -
1 Shop_South_Right Z1E SHOP 25.4 Conditioned 20/26 35/45 0.14 0.32 0.0448
1 Shop_North_Right Z1F SHOP 25.4 Conditioned 20/26 35/45 0.14 0.32 0.0448
1 Circulation_area Z1D SHOP 4.1 Conditioned 20/26 35/45 0.14 0.32 0.0448
1 Stairs Z1G SHOP 19.2 Unconditioned Unheated 35/46 0.14 0.32 0.0448
2 Southern_Part Z2A POLYKATOIKIA 71.9 Conditioned 20/26 40/45 0.05 0.75 0.0375
2 Nothern_Part_Left Z2B POLYKATOIKIA 25.7 Conditioned 20/26 40/45 0.05 0.75 0.0375
2 Circulation_South Z2C POLYKATOIKIA 7.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
2 Circulation_North Z2E POLYKATOIKIA 4.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
2 Stairs Z2D POLYKATOIKIA 9.7 Unconditioned Unheated - - - -
2 Nothern_Part_Right Z2F POLYKATOIKIA 25.4 Conditioned 20/26 40/45 0.05 0.75 0.0375
2 Kitchen Z2G POLYKATOIKIA 19.2 Conditioned 20/26 40/45 0.05 0.75 0.0375
3 Southern_Part Z3A POLYKATOIKIA 71.9 Conditioned 20/26 40/45 0.05 0.75 0.0375
3 Nothern_Part_Left Z3B POLYKATOIKIA 25.7 Conditioned 20/26 40/45 0.05 0.75 0.0375
3 Circulation_South Z3C POLYKATOIKIA 7.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
3 Circulation_North Z3E POLYKATOIKIA 4.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
3 Stairs Z3D POLYKATOIKIA 9.7 Unconditioned Unheated - - - -
3 Nothern_Part_Right Z3F POLYKATOIKIA 25.4 Conditioned 20/26 40/45 0.05 0.75 0.0375
3 Kitchen Z3G POLYKATOIKIA 19.2 Conditioned 20/26 40/45 0.05 0.75 0.0375
4 Southern_Part Z4A POLYKATOIKIA 71.9 Conditioned 20/26 40/45 0.05 0.75 0.0375
4 Nothern_Part_Left Z4B POLYKATOIKIA 25.7 Conditioned 20/26 40/45 0.05 0.75 0.0375
4 Circulation_South Z4C POLYKATOIKIA 7.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
4 Circulation_North Z4E POLYKATOIKIA 4.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
4 Stairs Z4D POLYKATOIKIA 9.7 Unconditioned Unheated - - - -
4 Nothern_Part_Right Z4F POLYKATOIKIA 25.4 Conditioned 20/26 40/45 0.05 0.75 0.0375
4 Kitchen Z4G POLYKATOIKIA 19.2 Conditioned 20/26 40/45 0.05 0.75 0.0375
5 Southern_Part Z5A POLYKATOIKIA 71.9 Conditioned 20/26 40/45 0.05 0.75 0.0375
5 Nothern_Part_Left Z5B POLYKATOIKIA 25.7 Conditioned 20/26 40/45 0.05 0.75 0.0375
5 Circulation_South Z5C POLYKATOIKIA 7.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
5 Circulation_North Z5E POLYKATOIKIA 4.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
5 Stairs Z5D POLYKATOIKIA 9.7 Unconditioned Unheated - - - -
5 Nothern_Part_Right Z5F POLYKATOIKIA 25.4 Conditioned 20/26 40/45 0.05 0.75 0.0375
5 Kitchen Z5G POLYKATOIKIA 19.2 Conditioned 20/26 40/45 0.05 0.75 0.0375
6 Southern_Part Z6A POLYKATOIKIA 71.9 Conditioned 20/26 40/45 0.05 0.75 0.0375
6 Nothern_Part_Left Z6B POLYKATOIKIA 25.7 Conditioned 20/26 40/45 0.05 0.75 0.0375
6 Circulation_South Z6C POLYKATOIKIA 7.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
6 Circulation_North Z6E POLYKATOIKIA 4.1 Conditioned 20/26 40/45 0.05 0.75 0.0375
6 Stairs Z6D POLYKATOIKIA 9.7 Unconditioned Unheated - - - -
6 Nothern_Part_Right Z6F POLYKATOIKIA 25.4 Conditioned 20/26 40/45 0.05 0.75 0.0375
6 Kitchen Z6G POLYKATOIKIA 19.2 Conditioned 20/26 40/45 0.05 0.75 0.0375













(m³/s/m²) (m³/s/m²) (lx) (W/m
2




0 - 0.000075 500 16.0 90 2 0.32 0.64
0 - 0.000075 500 16.0 90 2 0.32 0.64
0 - 0.000075 500 16.0 - - - -
0 - 0.000075 500 16.0 90 2 0.32 0.64
0 - 0.000075 500 16.0 90 2 0.32 0.64
0 - 0.000075 500 16.0 90 2 0.32 0.64
0 - 0.000075 500 16.0 - - - -
1 0.00086 - 500 16.0 90 2 0.32 0.64
1 0.00086 - 500 16.0 90 2 0.32 0.64
1 - 0.000916667 500 16.0 - - - -
1 0.00086 - 500 16.0 90 2 0.32 0.64
1 0.00086 - 500 16.0 90 2 0.32 0.64
1 0.00086 - 500 16.0 90 2 0.32 0.64
1 0.00086 - 500 16.0 90 2 0.32 0.64
2 0.00021 - 200 5.6 80 2 0.75 1.50
2 0.00021 - 200 5.6 80 2 0.75 1.50
2 0.00021 - 200 5.6 80 2 0.75 1.50
2 0.00021 200 5.6 80 2 0.75 1.50
2 - 7.8E-05 200 5.6 - - - -
2 0.00021 - 200 5.6 80 2 0.75 1.50
2 0.00021 - 200 5.6 80 2 0.75 1.50
3 0.00021 - 200 5.6 80 2 0.75 1.50
3 0.00021 - 200 5.6 80 2 0.75 1.50
3 0.00021 - 200 5.6 80 2 0.75 1.50
3 0.00021 - 200 5.6 80 2 0.75 1.50
3 - 7.8E-05 200 5.6 - - - -
3 0.00021 - 200 5.6 80 2 0.75 1.50
3 0.00021 - 200 5.6 80 2 0.75 1.50
4 0.00021 - 200 5.6 80 2 0.75 1.50
4 0.00021 - 200 5.6 80 2 0.75 1.50
4 0.00021 - 200 5.6 80 2 0.75 1.50
4 0.00021 - 200 5.6 80 2 0.75 1.50
4 - 7.8E-05 200 5.6 - - - -
4 0.00021 - 200 5.6 80 2 0.75 1.50
4 0.00021 - 200 5.6 80 2 0.75 1.50
5 0.00021 - 200 5.6 80 2 0.75 1.50
5 0.00021 - 200 5.6 80 2 0.75 1.50
5 0.00021 - 200 5.6 80 2 0.75 1.50
5 0.00021 - 200 5.6 80 2 0.75 1.50
5 - 7.8E-05 200 5.6 - - - -
5 0.00021 - 200 5.6 80 2 0.75 1.50
5 0.00021 - 200 5.6 80 2 0.75 1.50
6 0.00021 - 200 5.6 80 2 0.75 1.50
6 0.00021 - 200 5.6 80 2 0.75 1.50
6 0.00021 - 200 5.6 80 2 0.75 1.50
6 0.00021 - 200 5.6 80 2 0.75 1.50
6 - 7.8E-05 200 5.6 - - - -
6 0.00021 - 200 5.6 80 2 0.75 1.50
6 0.00021 - 200 5.6 80 2 0.75 1.50
7 - 0.00075 200 5.6 - - - -





















zone per zone 
floor area 
(m³/s/m2)
Z1A Win1 10.1 25.7 15.1 151.8 151.8 0.0016
Z1E Win1 9.9 25.4 15.1 150.1 150.1 0.0016
Z1B Win1 2.7 25.7 15.1 40.8 40.8 0.0004
Z1F Win1 2.7 25.4 15.1 40.8 40.8 0.0004
Win1 1.1 19.2 15.1 17.1
Win2 1.1 19.2 15.1 17.1
Win3 0.7 19.2 15.1 10.6
Win4 0.7 19.2 15.1 10.6
Win1 1.9 72.0 15.1 27.9
Win2 2.7 72.0 15.1 41.4
Win3 2.6 72.0 15.1 39.1








Win1 1.6 25.4 15.1 24.5 24.5 0.0003
Win1 3.8 11.8 15.1 56.8



























zone per zone 
floor area 
(m³/s/m2)
Z1A Win1 10.1 25.7 0.5 5.0 5.0 5.4E-05
Z1E Win1 9.9 25.4 0.5 5.0 5.0 5.4E-05
Z1B Win1 2.7 25.7 0.5 1.4 1.4 1.5E-05
Z1F Win1 2.7 25.4 0.5 1.4 1.4 1.5E-05
Win1 1.1 19.2 0.5 0.6
Win2 1.1 19.2 0.5 0.6
Win3 0.7 19.2 0.5 0.4
Win4 0.7 19.2 0.5 0.4
Win1 1.9 72.0 0.5 0.9
Win2 2.7 72.0 0.5 1.4
Win3 2.6 72.0 0.5 1.3








Win1 1.6 25.4 0.5 0.8 0.8 8.9E-06
Win1 3.8 11.8 0.5 1.9









 SEALING OF OPENINGS
Z1G 1.8 2.6E-05












Monthly Heating and Cooling Demand of 
Base-case scenario 











Monthly Heating and Cooling Demand of 
Scenario 1.1 
 
Cooling Demand Initial State Cooling Demand Scenario 1.1
Heating Demand Initial State Heating Demand Scenario 1.1











Monthly Heating and Cooling Demand of 
Scenario 1.2 
 
Cooling Demand Initial State Cooling Demand Scenario 1.2











Monthly Heating and Cooling Demand of 
Scenario 1.3 
 
Cooling Demand Initial State Cooling Demand Scenario 1.3












Monthly Heating and Cooling Demand of 
Scenario 1.4 
 
Cooling Demand Initial State Cooling Demand Scenario 1.4
Heating Demand Initial State Heating Demand Scenario 1.4











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 2.1 
 
Cooling Demand Initial State Cooling Demand Scenario 2.1











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 2.2 
 
Cooling Demand Initial State Cooling Demand Scenario 2.2











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 2.3 
 
Cooling Demand Initial State Cooling Demand Scenario 2.3











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 2.4 
 
Cooling Demand Initial State Cooling Demand Scenario 2.4
Heating Demand Initial State Heating Demand Scenario 2.4












Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 2.5 
 
Cooling Demand Initial State Cooling Demand Scenario 2.5











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 3.1 
 
Cooling Demand Initial State Cooling Demand Scenario 3.1











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.2 
 
Cooling Demand Initial State Cooling Demand Scenario 3.2
Heating Demand Initial State Heating Demand Scenario 3.2











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.3 
 
Cooling Demand Initial State Cooling Demand Scenario 3.3











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.4 
 
Cooling Demand Initial State Cooling Demand Scenario 3.4











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.5 
 
Cooling Demand Initial State Cooling Demand Scenario 3.5











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.6 
 
Cooling Demand Initial State Cooling Demand Scenario 3.6
Heating Demand Initial State Heating Demand Scenario 3.6











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.7 
 
Cooling Demand Initial State Cooling Demand Scenario 3.7











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.8 
 
Cooling Demand Initial State Cooling Demand Scenario 3.8












Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.9 
 
Cooling Demand Initial State Cooling Demand Scenario 3.9











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.10 
 
Cooling Demand Initial State Cooling Demand Scenario 3.10
Heating Demand Initial State Heating Demand Scenario 3.10











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.11 
 
Cooling Demand Initial State Cooling Demand Scenario 3.11











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.12 
 
Cooling Demand Initial State Cooling Demand Scenario 3.12











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.13 
 
Cooling Demand Initial State Cooling Demand Scenario 3.13











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.14 
 
Cooling Demand Initial State Cooling Demand Scenario 3.14
Heating Demand Initial State Heating Demand Scenario 3.14












Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 3.15 
 
Cooling Demand Initial State Cooling Demand Scenario 3.15











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 4.1 
 
Cooling Demand Initial State Cooling Demand Scenario 4.1











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.2 
 
Cooling Demand Initial State Cooling Demand Scenario 4.2
Heating Demand Initial State Heating Demand Scenario 4.2












Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.3 
 
Cooling Demand Initial State Cooling Demand Scenario 4.3











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.4 
 
Cooling Demand Initial State Cooling Demand Scenario 4.4











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.5 
 
Cooling Demand Initial State Cooling Demand Scenario 4.5











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.6 
 
Cooling Demand Initial State Cooling Demand Scenario 4.6
Heating Demand Initial State Heating Demand Scenario 4.6











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.7 
 
Cooling Demand Initial State Cooling Demand Scenario 4.7











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.8 
 
Cooling Demand Initial State Cooling Demand Scenario 4.8











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.9 
 
Cooling Demand Initial State Cooling Demand Scenario 4.9











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.10 
 
Cooling Demand Initial State Cooling Demand Scenario 4.10
Heating Demand Initial State Heating Demand Scenario 4.10












Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.11 
 
Cooling Demand Initial State Cooling Demand Scenario 4.11











Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 4.12 
 
Cooling Demand Initial State Cooling Demand Scenario 4.12











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.1 
 
Cooling Demand Initial State Cooling Demand Scenario 5.1











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.2 
 
Cooling Demand Initial State Cooling Demand Scenario 5.2
Heating Demand Initial State Heating Demand Scenario 5.2











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.3 
 
Cooling Demand Initial State Cooling Demand Scenario 5.3











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.4 
 
Cooling Demand Initial State Cooling Demand Scenario 5.4











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.5 
 
Cooling Demand Initial State Cooling Demand Scenario 5.5











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.6 
 
Cooling Demand Initial State Cooling Demand Scenario 5.6
Heating Demand Initial State Heating Demand Scenario 5.6











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.7 
 
Cooling Demand Initial State Cooling Demand Scenario 5.7











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.8 
 
Cooling Demand Initial State Cooling Demand Scenario 5.8











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.9 
 
Cooling Demand Initial State Cooling Demand Scenario 5.9











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.10 
 
Cooling Demand Initial State Cooling Demand Scenario 5.10
Heating Demand Initial State Heating Demand Scenario 5.10











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.11 
 
Cooling Demand Initial State Cooling Demand Scenario 5.11











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.12 
 
Cooling Demand Initial State Cooling Demand Scenario 5.12












Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.13 
 
Cooling Demand Initial State Cooling Demand Scenario 5.13











Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.14 
 
Cooling Demand Initial State Cooling Demand Scenario 5.14
Heating Demand Initial State Heating Demand Scenario 5.14













Monthly Heating and Cooling Demand of 
Base-case scenario and Scenario 5.15 
 
Cooling Demand Initial State Cooling Demand Scenario 5.15












Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 6.1 
 
Cooling Demand Initial State Cooling Demand Scenario 6.1












Monthly Heating and Cooling Demand of 
Base-case Scenario and Scenario 6.2 
Cooling Demand Initial State Cooling Demand Scenario 6.2
Heating Demand Initial State Heating Demand Scenario 6.2
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10.3 Appendix C: Thermal Insulation Calculations 
 
South West North East
Percentage of Concrete Wall 3 0.667 0.446 0.773 0.180
Percentage of Brick Wall 3 0.333 0.023 0.227 0.024
Percentage of Concrete Wall 2 - 0.105 - 0.421
Percentage of Brick Wall 2 - 0.425 - 0.370
1 1
Ulim Uin
λinsul 0.035 Rinitial 0.268
Ulim 0.450 Rins 2.000
Uinitial_CW20 4.657 Rnpl 0.011
Uinitial_BW20 1.840 Rf 2.280
Uin 3.727 Ui' 0.439
λinsul 0.035 Rinitial 0.249
Ulim 0.450 Rins 2.000
Uinitial_CW20 4.657 Rnpl 0.011
Uinitial_BW20 1.840 Rf 2.261
Uin 4.009 Ui' 0.442
λinsul 0.035 Rinitial 0.249
Ulim 0.450 Rins 2.000
Uinitial_CW20 4.657 Rnpl 0.011
Uinitial_BW20 1.840 Rf 2.261
Uinitial_CW15 5.135 Ui' 0.442
Uinitial_BW15 2.170
Uin 3.835
λinsul 0.035 Rinitial 0.275
Ulim 0.450 Rins 2.000
Uinitial_CW20 4.657 Rnpl 0.011
Uinitial_BW20 1.840 Rf 2.287
Uinitial_CW15 5.135 Ui' 0.437
λinsul 0.035 Rinitial 0.225
Ulim 0.400 Rins 2.286
Uin 4.447 Rnpl 0.011
Rf 2.522
Ui' 0.396
λinsul 0.036 Rinitial 0.472
Ulim 0.800 Rins 0.833





























































































































Percentages of External Wall Components




λinsul 0.035 Rinitial 0.515
Ulim 0.800 Rins 0.857
Uin 1.942 Rnpl 0.011
Rf 1.383
Ui' 0.723
λinsul 0.035 Rinitial 0.469
Ulim 0.800 Rins 0.857
Uin 2.130 Rnpl 0.011
Rf 1.338
Ui' 0.747
λinsul 0.035 Rinitial 0.416
Ulim 0.800 Rins 0.857
Uin 2.406 Rnpl 0.011
Rf 1.284
Ui' 0.779
λinsul 0.035 Rinitial 0.352
Ulim 0.800 Rins 1.143
Uin 2.840 Rnpl 0.011
Rf 1.506
Ui' 0.664
λinsul 0.035 Rinitial 0.355
Ulim 0.800 Rins 1.143
Uin 2.817 Rnpl 0.011
Rf 1.509
Ui' 0.663
λinsul 0.035 Rinitial 0.473
Ulim 0.800 Rins 0.857
Uin 2.114 Rnpl 0.011
Rf 1.342
Ui' 0.745
λinsul 0.035 Rinitial 0.565
Ulim 0.800 Rins 0.857
Uin 1.770 Rnpl 0.011
Rf 1.434
Ui' 0.698
λinsul 0.035 Rinitial 0.487
Ulim 0.800 Rins 0.857
Uin 2.053 Rnpl 0.011
Rf 1.356
Ui' 0.738
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